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Abstract
Dioecious species occurring along environmental gradients provide the opportunity to 
study the functional significance of sexual dimorphism. Males and females may have 
differential characteristics related their distinct reproductive roles. Female plants tend 
show higher reproductive effort than males due to fruit production, though females may 
compensate for this through gender-specific physiology, photosynthesizing reproductive 
structures, or spatial segregation of sexes (SSS). If compensation is inadequate, growth 
rates and other activities may be negatively affected. This study explored aspects o f the 
physiological ecology o f male and female trees of Austrocedrus chilensis, a dioecious 
endemic conifer o f Patagonia, Argentina. Physiology at the leaf level was similar for 
male and female Austrocedrus trees, suggesting that female trees did not compensate for 
higher reproductive effort through higher rates o f leaf C acquisition. Overall, 
Austrocedrus seemed to be tolerant to water stress, increasing its water-use efficiency 
when less was water available. Green cones o f female Austrocedrus are photosynthetic 
but at lower rates than leaves (A cones, 1.05 ± 0.09 pmol CO2 m '2; A leaves, 3.89 ±
0.31 pmol CO2 m '2 s '1) and at higher water loss (g cones, 0.080 ± 0.005 mol H20  m '2 s '1; 
g leaves, 0.060 ± 0.043 mol H2 O m'2 s '1). Green cones can compensate for their C cost 
over the growing season, being a C source; nevertheless, they may become a C sink if 
environmental conditions are unfavorable. Austrocedrus showed SSS. More males were 
found on slopes with high solar radiation (N-NW; M:F ~1.7), and females were more 
abundant on S-SE exposures (M:F -0.6). The overall sex ratio across the region was 
even. The SSS pattern was equally strong in both moist and xeric sites along the rainfall 
gradient; therefore, it could not be solely attributed to moisture availability. Male radial 
growth was -100%  higher on N-NW slopes and female growth was similar among 
exposures. Therefore, sexes in this species are not necessarily similar as higher 
reproductive effort for females can became evident depending on environmental 
conditions. To ensure the future o f Austrocedrus, studies and management plans must 
take SSS into account and consider differences in their growth, reproduction and ideal 
habitat requirements.
ii
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1
CHAPTER 1
Dioecy in Austrocedrus chilensis'. an ecophysiological point of view 
Introduction
Plant species with separate male and female individuals provide the opportunity 
to study the functional significance of sexual dimorphism when most ecological and 
phenotype characteristics are similar (Dawson and Geber 1999). In many cases, 
differential performance between sexes become evident under heterogeneous 
environmental conditions (Freeman et al. 1976). Thus, dioecious species occurring along 
environmental gradients are particularly interesting to study as male and female plants 
may have differential ecological and physiological characteristics that correspond to their 
distinct reproductive roles.
Northwest Patagonia, in Argentina, is an ideal place to develop a study o f this 
type due to the presence of unique characteristics such a steep rainfall gradient and a high 
incidence of dioecy among conifers species. In particular, Austrocedrus chilensis is a 
dioecious conifer tree that grows along this gradient. To date, there have been few 
ecophysiological studies on Patagonian plant species, thereby limiting our understanding 
o f these ecosystems. In the northern hemisphere, particularly in North America and 
Europe, research on conifers, dioecious species, ecosystem functioning and 
ecophysiology has been quite extensive (e.g., Kozlowski et al. 1991, Larcher 1995, Smith 
and Hinkley 1995, Barbour et al. 2000, Geber et al. 1999) while in South America 
research has been very patchy. The work reported here represents one of the first studies
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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on the physiological ecology of an Andean dioecious conifer featuring this particular 
breeding system.
Austrocedrus chilensis (D. Don) Pic.Serm. et Bizzarri “Cipres de la Cordillera”, is 
a coniferous tree species native to the Patagonian Andes. This species, here after called 
Austrocedrus, is endemic, monotypic (single species in genus), dioecious (separate male 
and female plants), and exhibits distinct gender phenology. It grows along a wide range 
o f climatic and soil conditions, including one o f the steepest rainfall gradients of the 
world (Pastorino and Gallo 1998). Austrocedrus has great economic, cultural and 
conservation importance, yet it is facing increasing threats from anthropogenic 
disturbance in the form of habitat destruction, logging, and fire. My research focused on 
physiological and ecological responses o f Austrocedrus along this moisture gradient. In 
particular, I was interested in the differential responses o f males and females in this 
dioecious species.
Dioecy
In seed plants, dioecy is the partial or complete separation o f ovule and pollen 
functions into different individuals. Dioecy used to be considered a poor substitute for 
self-incompatibility, leading to the belief that it was a primitive character and not a 
particularly successful mode of reproduction. In this sense, the prevailing hypothesis was 
that selection for outcrossing was the main evolutionary force responsible for dioecy 
(Stebbins 1957, Lloyd and Webb 1977, Bawa 1980). However, a number of authors have 
argued that dioecy is not a rare condition and is, in fact, very common in certain 
environments like tropics and islands (e.g., Bawa 1980, Givnish 1980). Moreover, 
though is more common in ancestral families like Magnoliaceae, it is also found in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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derived families like Apiceae and even Asteraceae (Fox 1985; Renner and Rickleft 
1995). More recently, it has been argued that the evolution of dioecy is not entirely due 
to selective pressure to avoid inbreeding (Karoly 1994). The separation o f sexes also 
may represent altered patterns of resource allocation for male and female functions in 
response to sexual selection (e.g., Lloyd and Webb 1977, Bawa 1980, Givnish 1980, 
Charlesworth 1999, Sakai and Weller 1999).
Organisms allocate their resources to several functions including growth, 
maintenance, and reproduction. The allocation o f resources to one function occurs at the 
expense o f the others; for example, depending on the limitations o f light, nutrients, and 
water, greater vegetative growth may lead to a lower reproductive effort (Delph 1990). 
According to Lloyd and Webb (1977), female plants tend to have a higher reproductive 
effort, i.e., they spend proportionally more o f their resources on sexual reproduction 
(flowering, embryo, seed, and fruit development) than do males (flowering, pollen 
production). They also differ in the timing o f how energy is allocated to reproduction 
because females continue the expenditure o f their resources to reproduction after 
fertilization for a longer time than males (Agren 1988, Delph 1990, Delph and Meagher 
1995). This is true for many perennial long-lived species, where male plants tend to 
exceed females in vigor, growth rate, total size, and/or vegetative reproduction as a 
consequence of lower allocation to reproductive effort (Delph 1999).
Although the higher cost o f reproduction in females tends to be the rule, several 
factors can compensate or balance differences in allocation between males and females. 
Delph (1999) suggests that factors such as timing of investment, frequency o f flowering,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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age at first reproduction, herbivory and physiology, including photosynthesis by green 
fruits, may be cost-compensating factors for females.
One explanation for gender-specific ecological, morphological and physiological 
traits may be selection related to significantly different resource demands associated with 
male versus female sexual reproduction (Lloyd and Webb 1977, Bawa 1980, Delph 
1999). In fact, many dioecious species show strong sexual dimorphisms and spatial 
segregation of the sexes (Bawa and Opler 1977, Opler and Bawa 1978, Meagher 1980, 
1981, Meagher and Antonovics 1982, Bierzychudeck and Eckhart 1988, Iglesias and Bell 
1989). In many cases, females tend to occupy the “best quality” microsites along a 
gradient, e.g., with respect to water, nutrients, salinity, temperature, solar radiation 
Freeman et al. 1976, 1980; Dawson and Bliss 1989, Dawson and Ehleringer 1993). One 
hypothesis is that the spatial pattern observed is a consequence o f gender specialization in 
physiological functions that allows both male and female to increase their fitness when 
sexes differ in the amount of resources allotted to reproduction (Givnish 1980, Agren 
1988, Delph 1999, Renner and Ricklefs 1995, Bierzychudeck and Eckhart 1988).
Environmental gradients and plant physiology
Climatic gradients provide “natural” experiments to study and understand 
ecological patterns and niche breadth, and to observe variations in morphological, 
physiological, and genetic traits. For example, gradients o f moisture availability allow 
exploration of the effect o f water stress on physiological processes. Along gradients, 
rates of photosynthesis (i.e., gas exchange) and transpiration vary in response to soil 
moisture availability and vapor density in the air (Farquhar et al. 1989, Ehleringer 1993). 
When soil moisture decreases, a common response is lowered rates of photosynthesis,
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transpiration, stomatal conductance and C fixation. In periods of water deficit, 
particularly in arid areas, leaf gas exchange and, possibly, plant growth are affected. 
Stomatal characteristics and behavior may vary as well, and have a direct influence on C 
gain and water loss (Farquhar et al. 1989, Ehleringer 1993). In some dioecious dicot 
species like Acer negundo, the leaves o f female trees have a higher density o f stomata, 
and are more sensitive to soil and air dryness than those of male trees (Dawson and 
Ehleringer 1993). In species that are distributed along a wide range of climatic 
conditions, environmentally induced genetic adaptations (i.e., ecotypes) are likely.
Within species variation may include differences in stomatal characteristics, leaf 
morphology, water stress tolerance, water use efficiency and biomass allocation 
(Ehleringer 1993), and variations in the chemical composition and amount of cuticle 
waxes o f leaves, all o f which may play an important role in water conservation in plants 
(Dodd etal. 1998).
Northwest Patagonia
The region o f Patagonia sensu stricto extends from about 37° to 55° S, south of 
Colorado River, in Argentina (South America). It is known for the extension and solitude 
o f its steppes and for the gorgeous beauty of the Andes mountain range. Patagonia 
includes the provinces o f Neuquen, Rio Negro, Chubut, Santa Cruz and Tierra del Fuego, 
covering an area o f about 786,959 km (about 28% of continental Argentina; Fig. 1.1 and 
Fig. 1.2). Patagonia is defined as a cool -temperate region with frequent winds o f low 
humidity content. In this region, the winter distribution o f precipitation causes 
asynchrony between the wet season and the growing season, resulting in strong summer 
water deficits. Northwest Patagonia is characterized by a strong rainfall gradient
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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associated with the rain shadow of the Andes where precipitation decreases more than 40 
mm per km for the first 60 km eastward from the Andes. The Northwest region is 
dominated by glacial and periglacial topography. Different types of ecosystems are 
associated with the rainfall and elevation gradients.
The work described in my dissertation was conducted in the vicinity o f San 
Carlos de Bariloche (41° 08' S, 71° 18' W). This city is completely surrounded by Nahuel 
Huapi National Park. Climatic data are shown in Table 1.1 and in Fig. 1.3a and 1.3b. A 
more detailed description of Patagonia climate is found in Soriano (1983) and Paruelo et 
al. (1998a, 1988b).
In Nahuel Huapi National Park, several distinctive plant associations within the 
Temperate Austral Forests replace each other along the rainfall gradient (Fig. 1.1). These 
include the Valdivian temperate rainforest with Nothofagus dombeyi (over 2500 mm 
mean annual precipitation); the southern beech forests {Nothofaguspumilio) at elevations 
-1000 m a.s.l. up to the timberline; and pure N. dombeyi forests at elevations below 
-1000 m a.s.l. Ecotone vegetation includes N. antarctica matorral (shrublands) or mixed 
matorral (Schinus patagonicus, Berberis sp., Lomatia hirsuta, Discaria sp.) and 
Austrocedrus forests. According to Lopez (1988), soils in this region are mostly 
Andisols (soils developed in volcanic materials), however there are three main areas with 
different types o f soil evolution, thus imprinting in the soils different morphological, 
physical, chemical and mineralogical characteristic. In moister areas along the 
precipitation gradient (>1200 mm) soils show many layers of volcanic ashes deposits.
The organic horizons tend to be dark, dense and rich in organic matter. The A horizon 
tends to be dark brown and rich in organic matter. The B horizon tends to be dark yellow
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with a sand texture, and the C horizon is very similar to the parent material, dense and 
yellowish, located over rock and glacial deposits. In terms of physical and chemical 
characteristics, apparent density o f the surface soils is very low (<0.7 gr/cm3), texture 
medium to thick, with high humidity retention at 15 bars (20 to 50%) showing very low 
summer water deficit. These soils also have high organic content in the surface (6 to 
12%), are slightly acidic (pH 5 to 6) with high content of Allophane-Imogolite materials 
(pH in FNa 10 to 11); base saturation is low (<10 meq/lOOgr o f soil) and very high 
phosphorous sorption potential (>85%). Dominant soils are classified as Hapludands and 
Fluvudands; in mixed Austrocedrus-Nothofagus forest soils are Hapludands (Lopez 
1988). Toward the east, in areas with precipitation between 600 and 1200 mm, soils 
show fewer layers o f volcanic ash deposits that soils in the west and eolic depositions are 
more common. Soils horizons are similar to those in the moister part of the gradient. In 
terms of physical and chemical characteristics, apparent density of soils is low (<1.0 
gr/cm3), texture medium to thick, with good humidity retention at 15 bars (10 to 20%) 
showing moderate summer water deficit. These soils also have good organic content in 
the surface (3 to 6%), are slightly acidic (pH 5.5 to 6.5) with moderate content of 
Alophane-Imogolite-halosite materials (pH in FNa 9 tolO); base saturation is low (<15 
meq/lOOgr of soil) and high phosphorous fixation (>75%). Dominant soils are classified 
as Udivitrands and Xerovitrands (Lopez 1988). In compact and monospecific 
Austrocedrus forest soils are Udivitrands. In ecotone and steppe areas (300 to 600 mm of 
precipitation), soils are moderately to well developed Mollisols, under a precipitation 
regime o f seasonally high water deficit. These soils show an A mineral, dark brown, 
superficial horizon (Mollic) with organic matter; a transition horizon AC is present and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
soils also show a C horizon very similar to the parent material, that in general has an eolic 
origin with some volcanic ashes, fluvio-glacial deposits and rock particles. These soils 
are slightly acidic (pH 6 to 7) with a low content o f organic matter o f 1 to 4 %, and 
moderate content of haloisite and smectite materials (pH in FNa <9); interchange 
capacity is moderate to high (>50%), and Ca is the dominant alkaline metal cation. 
Dominant soils are classified as Haploxerolls and Argixerolls. In woodlands of 
Austrocedrus in the ecotone soils are Haploxerolls (Lopez 1998).
The Natural History o f Austrocedrus chilensis
Many forests tree species in southern South America (i.e., Andean Patagonian 
Forests) have their origin in the ancient Gondwana continent. Most forests are dominated 
by different Nothofagus (southern Beech) species; only nine conifer species (Order 
Coniferales) representing three families are found (Araucariaceae, Cupressaceae and 
Podocarpaceae). There are three species o f Cupressaceae, all monotypic in their genus 
and five of the nine conifers (-60%) are monotypic. Interestingly, all three species of 
Cupresaceae, and eight o f nine extant conifer species (-90%) in the Temperate Austral 
Forests, are dioecious (Table 1.2).
Austral conifer species have restricted distributions and relictual status on both 
sides of the Andes, primarily due to climate changes over the millennia as these genera 
were already present in the tropical-like climate o f the late Cretaceous and early Tertiary 
periods (Aizen and Ezcurra 1998). In recent times, heavy logging, fragmentation, and 
habitat degradation also have taken a toll on these populations of South American 
conifers (Premoli 1994, Aizen and Ezcurra 1998).
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Austrocedrus is a dioecious evergreen tree (Fig. 1.4a, Fig. 1.5) in the 
Cupressaceae family, endemic to the Austral Temperate Forest o f South America (Fig. 
1.2). Austrocedrus is a conically shaped tree that can grow as tall as 35 m, the average 
age in a typical forest is about 150 yrs, but longevity is about 800 yr. Older individuals 
are not common as anthropogenic disturbance regimes in Austrocedrus forests are 
frequent (Veblen and Lorenz 1988, Dezzotti 1996). Austrocedrus leaves are small, 3-7 
mm long, whorled and scale-like (Fig. 1.5 A). Female cones are -10  mm long (Fig. 1.5 
A l), bearing 2 small winged seeds (Fig. 1.5 A2). Male aments are ~4 mm long (Fig. 1.5 
B). This species is wind pollinated and seeds are wind dispersed; pollen viability tends to 
decrease with age (Aizen and Rovere 1995). According to Brion et a l (1983), in Nahuel 
Huapi National Park, development of reproductive structures o f Austrocedrus starts in 
March with the differentiation o f the aments. The differentiation o f cones occurs in May 
(austral autumn), and differentiation of the pollen sacs and ovules occurs in June (early 
winter). Conspicuous flowering starts in September and lasts until November (spring) 
when pollination occurs. Fruit maturation is usually completed by May (i.e., during late 
summer and early autumn). Seed dispersal takes place from April to June (autumn).
In Chile, Austrocedrus has a discontinuous distribution (36° 30’ to 39° 30’), but in 
Argentina (39° 30’ to 43° 45’) the distribution is more continuous along a narrow strip 
-70  km wide and -1000 km long (Fig. 1.2; Dimitri 1972). In Argentina, this species 
grows at elevations from -300  to 1500 m a.s.l. and in Chile as high as 1800, in soils that 
vary from wet peat, to deep volcanic, to almost bare rock, and along an annual rainfall 
from -2000 mm down to -600  mm. Scattered individual trees can be found in areas with 
as little as -300 mm ppt y r'1 (Veblen et al. 1995, Gallo et al. 2004). Austrocedrus is
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highly proficient in nitrogen (N) conservation, minimizing N losses independently o f site 
characteristics. This gives it the ability to dominate nutrient-poor sites, and also helps to 
explain its wide ecological range (Buamscha et al. 1998). Thus, Austrocedrus chilensis 
seems to be tolerant of a wide range of environmental conditions along its distributional 
range. In fact, it can be said that it is the tree species most tolerant to variable conditions 
of the Andean Patagonia forests (Rovere 1999, Gallo et al. 2004).
High phenotypic plasticity (Gallo et al. 2004) is one possible explanation of the 
tolerance o f Austrocedrus to different environmental conditions. Genetic studies from 
different populations in Argentina have shown that allelic multiplicity and diversity, as 
well as population differentiation, were small, while levels of heterozygosity were 
moderate (Gallo et al. 2004). Northern populations were more variable, and extremely 
marginal populations in the steppe showed the greatest levels of variation. These patterns 
were explained by the influence of glaciations. The populations with the greatest genetic 
variation are likely to be those inhabiting areas that remained uncovered by ice during the 
last glacial period, i.e., ice-free habitats acted as refuges. Through glacial cycles, 
reduction in the distribution of Austrocedrus followed by later re-colonization would 
have led to genetic drift due to founder and bottleneck effects, and also to directional 
selection at adaptive loci. At the local level, genetic drift also could have been due to fire 
events (Pastorino and Gallo 2002). Fire patterns also help explain the current distribution 
o f Austrocedrus. This is particularly true in the ecotone where, in many areas, 
Austrocedrus only survives on rocky outcrops where the lack o f fuel kept trees safe from 
fires. Currently in some regions, matorral vegetation is being replaced by young
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Austrocedrus forests due in part to local fire suppression during the past 100 yr 
(Kitzberger and Veblen 1997).
Dezzotti and Sancholuz (1991) classified Austrocedrus forests in terms o f basal 
area, density, and tree heights as Marginal, Compact and Mixed. Marginal forests are 
found along the forest-steppe ecotone where the annual rainfall is -600-900 mm; isolated 
individuals or small groups of trees are found growing at elevated, and generally rocky 
sites. Density, biomass, and growth tend to be low (mean density is 270 trees ha '1) with 
low intra- and interspecific competition. Isolated individuals or small groups of short 
trees (up to 6 m tall) can be found in areas with even lower precipitation (Fig. 1.4b). 
Compact forests are found where the annual rainfall ranges from -900 to -1600 mm. In 
this case, monospecific forests can be dense or open, and the level o f interspecific 
competition, basal area, and growth depend on local conditions o f aspect, slope and soil. 
Mean density is -800 trees ha '1 (Fig. 1.4c). Mixed forests with Nothofagus dombeyi 
occur in mesic areas where the annual rainfall is over -1600 mm. The relative proportion 
of each species depends on local conditions, but N. dombeyi tends to dominate the canopy 
in moister sites. Intra- and interspecific competition tend to be high, and the mean 
density is 460 trees ha '1 (Fig. 1.4d; Dezzotti and Sancholuz 1991).
According to Rovere (2000) the general sex ratio of Austrocedrus populations in 
Nahuel Huapi National Park is 1:1. In her study, female allocation to cones exceeded 
male allocation to aments in both C and nitrogen. Once Austrocedrus began reproducing, 
cones and aments were produced every year but female production was more variable. 
Radial growth was greater for male trees in the dry sites, and it was variable in
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intermediate and moist sites, suggesting that females may be compensating in some way 
for their larger reproductive effort.
Conservation status o f Austrocedrus chilensis
According to Law 3387/00 in Argentina, Austrocedrus chilensis has been 
declared the "Emblematic Tree o f Rio Negro Province". Today, the distribution of 
Austrocedrus often overlaps with human settlements, particularly in “compact forest” 
habitats. Furthermore, 85 % of the distribution of Austrocedrus is outside o f protected 
areas (Schlichter and LaClau 1998). Roughly 15% of Austrocedrus distribution under 
some type o f protection is mostly “mixed forest” and “compact” forests. Austrocedrus 
timber is highly appreciated for furniture, and it is a popular ornamental tree. Human- 
ignited fires are the principal cause of disturbance for this species (Kitzberger and Veblen 
1999), but browsing by livestock and introduced deer species also have had a negative 
influence (Veblen et al. 1995, Relva and Veblen 1998). At the moister end of the 
gradient, dieback ("mal del cipres") has affected important groups o f trees. This dieback 
is characterized by root rot and chlorosis in leaves and causes the death o f the tree; the 
causative agent is unknown (La Manna and Rajchenberg 2004).
Plantations of exotic fast-growing conifers in the ecotone, such as Pinus 
ponderosa and Pseudotsuga menziesii, now cover areas that potentially could be 
colonized by Austrocedrus (Veblen and Lorenz 1988, Kizberger and Veblen 1997). 
Besides limiting Austrocedrus forest expansion, exotic conifers also may be important 
competitors and threaten present or future Austrocedrus forests. For example, exotic 
conifers could become invasive (Simberloff et al. 2002, 2003) or affect Austrocedrus 
reproduction via pollen interference (A. Rovere pers. comm.). Today, little is known
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
about the effect o f these northern hemisphere conifers on native species (Hourdequin 
1999).
Research Objectives
As one of the first ecophysiological studies of native forest species in Patagonia, 
the work presented in this dissertation examines some aspects of the physiology and 
ecology of male and female plants of Austrocedrus chilensis, an endemic conifer o f the 
Austral Temperate Forest in northwestern Patagonia. The objective o f this study was to 
provide a better understanding o f gender physiology and ecology in this species in 
different environments, thereby improving our understanding o f the implications of 
dioecy in this species. This is the first study to address this aspect of Austrocedrus 
chilensis.
In many dioecious species male and female plants differ in their physiology.
Thus, the first questions I address in Chapter 2 are: do male and female trees of 
Austrocedrus differ in their physiology and, given that this species grows along a steep 
rainfall gradient, how do rainfall and seasonality influence photosynthetic gas exchange?
In Austrocedrus, females have a greater reproductive effort than males. However, 
there are no evident consequences o f this cost at individual or at population levels. One 
hypothesis to explain this pattern is that green cones may contribute to the C cost of their 
production. Therefore I address the following questions in Chapter 3: are cones of 
female trees of Austrocedrus photosynthetic and do they contribute to the cost o f their 
production?
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In many dioecious species, males and females are segregated spatially and 
females tend to occupy “better quality” sites. In chapter 4 , 1 asked if male and female 
trees of Austrocedrus were spatially segregated according to contrasting environmental 
conditions. First, I assessed the spatial distribution o f male and female trees at different 
scales, and found a very clear and consistent pattern. Thus, I predicted that growth 
differences between male and female trees, if  any, would become evident in clearly 
contrasting environments. To test this prediction, I explored how ring growth was 
influenced by sex, environmental conditions and climate over time.
The work presented in Chapter 5 addresses possible consequences for 
Austrocedrus populations in terms of climate change, particularly warmer and drier 
conditions, and in combination with changes in land use. Specifically, I assessed how the 
distribution of populations of Austrocedrus might be affected by different forest 
management and extraction plans, by exotic conifer plantations, and by different future 
climatic conditions. Based on previous research and the results o f my dissertation, I 
propose management and conservation recommendations. It is my intent that these will 
provide useful information for the development of future conservation and restoration 
plans.
In Chapter 6 , 1 present a description and summary of this dissertation in a 
language and structure aimed for a general audience. My hope is that any curious person 
will find this reading pleasant, interesting and informative.
Finally, Chapter 7 summarizes and highlights the results o f my research and its 
implications. Moreover, this research suggests additional avenues for study. Therefore,
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in the last part of this chapter, I pose ideas and questions for new inquiries, and suggest 
some directions for future researches.
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Table 1.2: List of native extant conifer families and species in Austral Temperate 
Forests o f southern South America, along with the species breeding system. Nomeclature 
is after Marticorena and Quezada (1985).
Family and species Breeding system Remarks
Araucariaceae
Araucaria araucana Dioecious —
Cupressaceae
Austrocedrus chilensis Dioecious Monotypic
Fitzroya cupressoides Dioecious Monotypic
Pilgerodendron uviferum Dioecious Monotypic
Podocarpaceae
Lepidothamnus fonkii Dioecious —
Podocarpus nubigena Dioecious —
Podocarpus saligna Dioecious —
Prumnopitys andina. Dioecious Monotypic
Saxegothaea conspicua Monoecious Monotypic
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Figure 1.1: The distribution o f Austral Temperate Forests in Argentina (Dimitri 1972). 
Insert shows the location o f Argentina in South America.
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Figure 1.2: Map of Patagonia and the distribution of Austrocedrus chilensis in Argentina 
(Dimitri 1972). Note the arrow pointing to Nahuel Huapi Lake and the study area.
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Figure 1.3: Climatic data at airport station o f San Carlos de Bariloche (800 m .a.s.l.). a) 
Mean (asterisks), maximum and minimum (boxes), and absolute temperatures (lines), b) 
monthly precipitation. Note that summer months (D, J, F and M) have higher 
temperature and lower precipitation (data from Servicio Meteorologico Nacional, 
Argentina).
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Figure 1.4: Austrocedrus chilensis (D. Don) Pic.Serm. et Bizzarri “Cipres de la 
Cordillera”; a) adult tree growing in the ecotone; b) “Marginal” forest in the forest-steppe 
ecotone; c) Compact forests towards the center o f its distribution; d) Austrocedrus 
chilensis growing with the evergreen southern beech, Nothofagus dombeyi in “Mixed” 
forest
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Figure 1.5: Austrocedrus chilensis. A) Female branch with leaves and cones; A l) Detail 
of female cone -12  mm long; A2) Detail o f a winged seed -3  mm in diameter, wing -8  
mm long; B) male ament -  4 mm long (modified from Dimitri 1972). Insert to the right, 
female branch in February, with current year green cones and previous year brown cones. 
Insert in the bottom, males aments in November, after pollen release.
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CHAPTER 2
The physiological ecology of male and female trees in Austrocedrus chilensis 
Introduction
The separation o f sexes in plants is often associated with ecological or 
physiological specialization between the sexes in response to different resource demands 
related with male vs. female sexual reproduction (Lloyd and Webb 1977, Bawa 1980, 
Givnish 1980, Charlesworth 1999, Sakai and Weller 1999). For many dioecious species, 
female plants tend to have higher reproductive costs, i.e., they spend proportionally more 
o f their resources on sexual reproduction (flower, embryo, seed, and fruit development) 
than do males (flower and pollen production). They also differ in the timing o f how 
energy is allocated to reproduction because females continue to expend resources on 
reproduction long after fertilization (Agren 1988, Delph 1990, Delph and Meagher 1995). 
Increased investment in reproduction often results in decreased growth and, possibly, 
survival (Delph 1999). In other cases, sexes do not exhibit differences in allocation to 
growth even when reproduction costs are higher for one sex than the other (Marion and 
Houle 1996). Several factors may compensate or balance differences in allocation 
between males and females, such as the timing of investment, frequency o f flowering, 
age at first reproduction, herbivory, and physiology (Delph 1999). Sex-specific 
physiological traits can explain differences and similarities between sexes (Dawson and 
Bliss 1989, Dawson and Ehleringer 1993).
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The dioecious conifer Austrocedrus chilensis is an endemic tree in the Austral 
Temperate Forests (Dimitri 1972). According to previous studies in Nahuel Huapi 
National Park, females invest 4-25 times more biomass and nutrients to reproduction than 
males. Overall sex ratios are not biased in the populations in this region; males and 
females have similar ages at first reproduction and produce reproductive structures every 
year (Rovere 2000). In addition, radial growth is similar in males and females, and both 
sexes respond positively to precipitation and negatively to temperature over the growing 
season (Rovere et al. 2003). Thus, higher female reproductive effort do not seem to be 
reflected at the individual or at the population level.
There are no previous studies on the physiological ecology of Austrocedrus, thus, 
there are no data illustrating the extent to which male and female trees differ or not in 
their physiological responses in a particular habitat. Thus, in this study, I hypothesized 
that the consequences of higher reproductive costs in individual Austrocedrus female 
trees, or in the population are small or non-evident because: (1) the higher reproductive 
effort in females is compensated for by differential rates of photosynthesis and 
conductance between males and females, and (2) the magnitude o f these differences is 
modulated by environmental conditions. Because reproductive costs are higher for 
females than males, I expected higher photosynthetic and conductance rates (and thus 
lower instantaneous water use efficiency) in leaves from female trees compared with 
males trees in periods o f high water availability. I also expected that these predicted 
responses would be mediated by seasonal climatic conditions (e.g., lower photosynthesis 
and conductance in hot, dry summer months).
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Methods
Species and study area
Austrocedrus chilensis (D. Don) Pic. Ser. et Bizz is a monotypic cupressaceae 
species, endemic to the Andes in southern Argentina and Chile. On the eastern slopes of 
the Patagonian Andes it is found between 39°30' and 43°35' S, forming a more or less 
continuous forest strip 20-50 km wide (Seibert 1982 Veblen et al. 1995). In Argentina, 
the region inhabited by Austrocedrus is characterized by an abrupt decrease in 
precipitation due to the orographic effect o f the Andes on westerly moisture. Thus, 
precipitation declines from >3000 mm y r t o  -200 mm y r f r o m  the continental divide 
to the east in -130 km (De Fina 1972). This environmental gradient is reflected in a 
west-east spatial succession of montane temperate rainforest from Nothofagus dombeyi 
forests in the west, to Nothofagus-Austrocedrus mixed forests and then pure Austrocedrus 
forests midway along the gradient, and finally to open Austrocedrus woodlands and 
Patagonian steppe in the east. Precipitation as rain or snow is concentrated during austral 
fall and winter months (April-August) while summer months (December-February) are 
relatively dry and mild. Mean monthly temperature ranges from ~2°C in winter (July) to 
~14°C in the summer (January, Bariloche Airport Station).
I sampled plots in 6 Austrocedrus forest stands, selected at 3 points along the 
rainfall gradient in Nahuel Huapi National Park, Argentina, or bordering locations. San 
Ramon and Cerro Leones were xeric sites, Cerro Otto and Cerro Runge were the 
intermediate precipitation sites, and La Farola and Huemul were the mesic sites (Fig.
2.1). Each stand had similar North-West exposure, open canopies, trees with low 
branches, and similar elevation and slope. In each stand, I measured stand density and
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the diameter at breast height (DBH) of individual tress. Plots also were characterized in 
terms of geographic position (latitude, longitude, elevation, slope) and precipitation.
Tree age was determined by coring trees with an increment borer at ca. 0.3 m height 
following standard dendrochronological techniques (Schweingruber 1987, Duncan 1989).
Physiological measurements
Predawn water potential measurements (TVs) were made using a pressure bomb 
(PMS, Corvallis, OR) on the same trees used to photosynthesis measurements either on 
the same dates or up to ±3 days from that date. Four to 5 twigs from each tree were cut 
and secured in zip-lock bags and placed in a cooler with ice; measurements were made 
within an hour.
For physiological measurements, in each stand I selected 5 reproductive female 
and 5 reproductive male trees for measurements in spring (November and December) 
2003, and in summer (February and March) 2003 and 2004. Each site was sampled twice 
during these periods in a random visit order, and always on sunny and calm (not windy) 
days. At each specific site, I measured photosynthesis and conductance from 0900 to 
1900 hr, local time on male and female trees alternatively using a portable infrared gas 
analyzer (LI-6200, LICOR Co., Lincoln NE). Because true leaves are very tiny in this 
species (scale-like sensu Dimitri 1972), green leaves clustered at branch tips were used 
(here after called a leaf). For 5 trees o f each sex at each site, I selected 3 north-facing 
sun-exposed branches, and on each branch, physiological measurements were made on 5 
leaves. Branches bearing reproductive structures were selected, but all reproductive 
tissue was removed on the portion of the leaf to be inside the cuvette. In addition, 
removal o f a small amount of leaf tissue at the base of the leaf was necessary to securely
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fit it into the LI-6200 cuvette. All tissue was removed immediately before 
measurements. Prior to experimental work, I tested the effect of tissue removal on 
photosynthetic activity; no effect was detected when tissue was removed either 
immediately or several days before measurements. I measured net C assimilation (A) and 
stomatal conductance (g) on an area basis. Instantaneous water use efficiency of 
photosynthesis (jWUE) was calculated from A and transpiration (E). E was calculated 
from independent measurements of leaf and air temperature and air RH with the cuvette 
open, according to Pearcy et al. (1989). After each measurement, leaves were collected 
for area and dry weight measurements. Leaf area was measured by scanning the leaves 
(including green twigs) and then analyzing the image with Sigma Scan Pro 5 (SPSS Inc.). 
Units follow Salisbury (1991) and Larcher (1995).
Physiological measurements were discarded if photosynthetic active radiation 
(PAR) felt below 300pmol; in general, PAR varied between 500 to 1200 pmol in all 
sites. I also eliminated physiological measurements made if temperatures were below 
10°C and above 27°C; most measurement were made when temperature was 12-22 °C.
RH ranged between 14 and 70%, with an average 36%. When wind was strong enough 
to shake the branches, measurements were stopped.
Physiological data were analyzed using non-parametric tests as data sets violated 
assumptions for parametric statistical analysis. A Kruskall-Wallis test was used to 
compare mean rates of A, g, and jWUE, and a Post-hoc Tukey on ranks test was used for 
multiple comparisons o f groups according to Zar (1996). I used JMP 5.0.1.2 software 
(SAS Institute Inc.).
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Results
Site Characteristics
Study sites ranged from 800 to 1050 m in elevation, were relatively flat (slope 
less than 15°) and had northerly exposures (typically warmer and dryer in the southern 
hemisphere). Annual precipitation at the most mesic site was nearly 3 times greater 
(1400 mm) than the most xeric site (550 mm). All of the sites showed evidence o f some 
type of disturbance over the last 100 years, with fire and logging being the most common 
(Table 2.1). Plant cover increased, as did tree height and stand density, from xeric to 
mesic sites. Canopies tended to be more closed in the mesic sites. Trees in all stands 
were relatively young (<100 years) considering the maximum recorded age of 
Austrocedrus is ~800 yr (Table 2.1). Trees ranged from ~10 to 30 m tall, and 20 -  45 
DBH. Stand density increased from 123 trees/ha to more than 675 trees/ha in the most 
mesic site. Regeneration was rare to modest at xeric and intermediate sites and abundant 
to very abundant at the most mesic sites (Table 2.1).
O f the 63 species identified during the characterization of the plots, there were 43 
herbaceous species, 14 shrubs, 3 trees and 2 that could take the form of a shrub or tree. 
Xeric and intermediate sites had more species (~50) than mesic sites (-45). Note that 
only the most conspicuous species were recorded. In the xeric sites dominant species 
were shrubs like Mullinum spinosum, Discaria articulata, Berberis mirophylla, Schinus 
patagonicus and tussock grasses in the genera Poa, Stipa and Festuca. In intermediate 
sites, the shrubby tree Lomatia hirsuta, the shrubs S. Patagonicus, B. microphylla, 
Fabiana imbricata, and herbs such as Eryngium paniculatum  and Poa, and Festuca 
grasses were dominant. In mesic sites, Nothofagus dombeyi, Maytenus boaria and
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Lomatia hirsuta were present. The most common shrubs were Aristotelia chilensis, S. 
patagonicus and the exotic Rosa rubiginosa. The rain forest species Ovidia andina was 
found only in the mesic Huemul site, though its abundance was very low (Appendix A l).
Physiological patterns for males and females
Male and female trees of Austrocedrus did not vary significantly (p>0.05) in 
water potential values across sites or seasons. Overall, \|fiv values were significantly less 
negative in spring (Fig. 2.2), suggesting lower levels o f water stress than in the summer. 
Values of \|/iv were very similar during each summer season (Fig. 2.2).
Overall, no significant differences were detected for A, g, or iWUE for females 
compared with males by site or season (Summer 2003, Table 2.3; Spring 2003, Table 2.4; 
and Summer 2004, Table 2.5). Consequently, I did not use sex as a factor in subsequent 
analyses or comparisons o f physiological performance over space and time. Net 
photosynthesis rates on a dry weight basis (Adw) were calculated from A and dry weight 
measurements for all sites in Spring 2003 and for 4 sites in Summer 2004. Values ranged 
from 0.81 to 3.81 mg CO2 gdw 1 h"1. Because trends in Adw were similar to Aarea these 
results are not presented here.
Photosynthetic gas exchange varied over the growing season (i.e., spring 2003- 
summer 2004; Fig. 2.3). There was a trend for higher A within sites during the spring 
(Fig. 2.3a), but this trend was only significant at three sites (i.e., these represented a xeric, 
intermediate and mesic site). Interestingly, there was no strong pattern according to 
position along the rainfall gradient. Stomatal conductance, g, was significantly higher in 
the spring at all sites except the most mesic site on the rainfall gradient (Fig. 2.3b).
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During the summer months iWUE was higher across all sites where data were available 
(Fig. 2.3c) compared to the spring. Variation in net photosynthesis, stomatal conductance 
and water use efficiency across the gradient were modulated by season (Fig. 2.4). The 
most xeric site, SR, had the lowest rates o f A and g of all sites over all seasons. Sites 
intermediate on the rainfall gradient had the highest rates o f A, while g tended to be 
highest in the mesic sites. High g corresponded to low iWUE at the mesic sites 
compared to intermediate and xeric sites along the gradient. Missing iWUE data in 
Tables 2.3 and 2.4 resulted from problems gathering independent measurements o f air 
temperature and RH to calculate E and thus, A/E (i.e., iWUE) at those sites.
Discussion
Male and female trees o f Austrocedrus did not differ in their physiology at the 
leaf level, as described by water stress, C acquisition, or stomata behavior. Therefore, the 
hypothesis that females compensated for the higher reproductive effort through 
differential rates of photosynthesis and stomatal conductance was not supported. 
Seasonality and position on the gradient influenced tree physiology but differences were 
not very strong suggesting that Austrocedrus tolerates high water stress and that it may 
have high physiological plasticity.
Most studies on dioecious species have focused on differences in sex ratios and 
spatial segregation patterns but not on sex-specific physiology, and few have reported 
differences in the gender-specific physiology. For example, studies on Acer negundo 
(Dawson and Ehleringer 1993) and Salix arctica (Dawson and Bliss 1989) trees showed 
distinct physiology according to sex that explained the observed spatial segregation of 
sexes. In Acer, male trees showed physiological adaptations to xeric sties (where they
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were more abundant) such as lower rates o f net photosynthesis and stomatal conductance 
and higher instantaneous and long-term water use efficiency. In contrast, females were 
more abundant on moister sites were they had higher rates of net photosynthesis and 
stomatal conductance and were less efficient in the use of water, both instantaneous and 
long-term; also, female leaves had more stomata (Dawson and Ehleringer 1993). S. 
arctica also showed gender-specific physiology similar to Acer, but in this arctic shrub, 
genders also differed in their tolerance to low soil temperatures. Growth-chamber 
experiments suggested that these differences were under genetic control (Dawson and 
Bliss 1989). In both Acer and Salix, gender-specific physiological differences were 
linked to habitat-specific sex ratios and these patterns accounted for female compensation 
for reproductive costs.
Unlike the studies on Acer or Salix, the consequences of higher reproductive 
effort for females (Rovere 2000) are not evident at the individual or population level in 
Austrocedrus. In contrast to my predictions, gender-specific physiological differences 
were not evident either. Therefore, females must be compensating for their higher 
reproductive costs in some other way. One possible mechanism for compensation could 
be C assimilation by green cones, as they can acquire they own weight in C during the 
growing season when environmental conditions are favorable (Chapter 3). Another 
compensation factor may be a more strict regulation o f the number of reproductive 
structures produced annually among female trees, as the number cone produced varies 
from year to year in a greater degree than male aments production (Rovere et al. 2003).
In some species, such as the evergreen shrub Simmondsia chinensis, differences in 
tree architecture, leaf shape, or area may play a role (Wallace and Rundel 1979, Kohom
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1994). Alternatively, males and females may differ in their investments to underground 
biomass. For example, Wallace and Rundel (1979) found that males allocated more 
biomass to stems than leaves compared with females and these allocations pattern 
influenced fitness. It would be very interesting to test if  differences in morphology, 
biomass allocation and structure in Austrocedrus account for presumed differences in 
reproductive costs in male and female trees and if  these differences affect male gender- 
specific physiological performance as well as reproductive output. Although climatic and 
microclimatic factors have influences on physiological measurements, the weak (or lack) 
of differences between sexes across sites and season in Austrocedrus cannot not be 
attributed to them. Males and females were measured concurrently in this study; 
therefore, microclimatic conditions affected both sexes in the same way. O f course, 
extrapolating short term physiological measurement outputs to longer timescales, such as 
growing season or life span can be misleading, particularly because physiological traits 
are phenotypically plastic (Dawson and Geber 1999). Therefore, future studies using 
integrated measurement of physiology over time, such as stable isotope analyses 
(Farquhar 1989) are needed to explore more precisely possible differences between male 
and female across sites and season. Rates of photosynthesis are driven by, among other 
factors, the strength of the sink (Larcher 1995). Thus, another possible explanation for 
the lack of differences between male and female trees is that physiological measurements 
were made before the strongest reproductive costs were evident for the tree. Cones can 
compensate their own C costs during the growing season while they are green (Chapter 
3). Therefore, differences may be greater when cones started to get brown (the 
photosynthetic period ends) and seed were developing (a resources sink).
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Photosynthesis rates tended to be higher, and conductance rates were significantly 
higher, in spring compared to summer. This pattern may have been due to lower water 
stress in spring. In summer, C gain may have been roughly as high as in the spring, but 
water use efficiency was lower in spring. Position on the rainfall gradient influenced 
photosynthetic gas exchange, but not as much as expected. Only the xeric San Ramon 
site was clearly different from all the other sites as evidenced by lower rates of 
photosynthesis and conductance. Rates of net photosynthesis and conductance in 
Austrocedrus were in the range of other evergreen conifers, according to Larcher (1995). 
In this study, trees showed higher rates o f C assimilation and stomatal conductance in 
spring than in summer. Lower levels o f water stress, as indicated by water potential 
values, would allow higher stomata conductance rates in spring. These results suggest 
that trees are as active in spring as in summer but with higher levels o f water use 
efficiency in the drier summer. During the summers when water potential values are 
higher than -1.2 MPa, as reported here, water stress does not seem have a strong negative 
effect in this species. These results suggested that Austrocedrus is a conifer with medium 
to high resistance to water stress like Pinus ponderosa, Pseudotsuga menziesii, or 
Juniperus sp. (Larcher 1995). To better understand the relationship between 
environmental conditions such as water availability physiological activity in A, g and 
iWUE in Austrocedrus, experiments with a suit o f controlled variables are needed.
In this study, sites were chosen that had similar elevation, flat slopes and 
northerly exposure. Moreover, some o f the plots were the same as those sampled by 
Rovere (2003), where there were no differences in terms of growth or climatic responses 
between sexes in Austrocedrus and sex ratios were even. At different sites along the
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rainfall gradient Austrocedrus trees showed different levels of activity. Rates of C 
acquisition were lower in the xeric sites compared with the intermediate sites. These data 
suggest water limitation in the xeric sites. Photosynthesis also declined in most mesic 
site, conductance rates tended to be higher, and iWUE was lower in the mesic sites. It is 
possible that toward the mesic end o f the gradient, stomata in Austrocedrus leaves are 
open wider or longer, thereby using more water. The influence o f light in terms of 
canopy openness may be important as the canopy was more closed for Austrocedrus trees 
in mesic sites, where they grew as co-dominant with the evergreen southern beech 
Nothofagus dombeyi. Lower A together with higher g suggests that light limitation may 
be playing a role. However, the influence of light was probably not significant in this 
study because selected trees had similar exposure to sunlight at all sites, and radiation 
was greater than the saturation level during measurements according to Kitzberger 
(1994). Although the overall precipitation gradient is very strong from east to west, it 
does not affect the physiology of this species as much as originally predicted. This 
agrees with genetic studies that describe Austrocedrus as a plastic species (Gallo et al. 
2004) and helps explain the tolerance of Austrocedrus to different environmental 
conditions. Measuring trees at even more extreme locations or between contrasting 
environmental conditions, such N vs. S exposures on hills, may be needed to fully test the 
hypothesis that the rainfall gradient affects tree physiology. Based on the results of 
Rovere (2003) and my study (Chapter 4), physiological differentiation, if  it exists in 
Austrocedrus, may be at a scale more fine-grained that the landscape scale I measured. 
This question, about gender-specific physiology under different environmental
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conditions, could be answered by looking at physiological responses of male and females 
trees at more locations and environmental conditions along the gradient.
The results presented in this study also have management implications. The 
absence o f Austrocedrus in some forest-steppe ecotone areas sometimes is interpreted by 
forest managers as evidence that the tree cannot grow in those areas. However, my 
results and those from other studies suggest that this pattern may be more related to fire 
regimes, land use changes, and herbivory in the area (Veblen and Lorenz 1988,
Kitzberger and Veblen 1999) than to physiological limits. In fact, my results suggest that 
these xeric areas are suitable for Austrocedrus growth. Limiting and regulating exotic 
conifer plantations in ecotone areas may ensure suitable habitats for Austrocedrus 
population at the margins of its range, particularly in the context o f anticipated changes 
that may occur with global warming.
This study represents the first ecophysiological study on this unique endemic 
forest species. In conclusion, according to the results o f this study, male and female 
trees of Austrocedrus chilensis do not differ in their physiology at leaf level; therefore, 
female trees do not seem to compensate for higher reproductive effort compared with 
males via differential gender physiology. The data presented here suggest that there are 
no strong differences across sites or seasons, suggesting that Austrocedrus is a species 
that tolerates high water stress, and can increase its efficiency in the use of water as water 
stress increases over the summer. These patterns suggest high physiological plasticity.
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Figure 2.1: Study sites along the rainfall gradient around Nahuel Huapi Lake. Xeric 
sites are SR (San Ramon) and LE (Cerro Leones); intermediate precipitation sites are OT 
(Cerro Otto) and RU (Cerro Runge); mesic sites are HU (Huemul) and LF (La Farola). 
Note the isohyets in the map (Barros et al. 1983).
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Figure 2.2: Average water potential values (± SE) at study sites: SR (San Ramon), LE 
(Cerro Leones), OT (Cerro Otto), RU (Cerro Runge), HU (Huemul) and LF (La Farola), 
for Summer 2003 (Feb-Mar), Spring 2003 (Nov.-Dee.), and Summer 2004 (Feb.-Mar.). 
Less negative values indicate lower water stress. Different letters indicate differences 
among season within a site. N = 10 trees per site.
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Figure 2.3. Seasonal comparison o f physiological data fox Austrocedrus chilensis during 
the growing season Spring 2003 (Nov.-Dee.), Summer 2004 (Feb.-Mar.): a) net 
photosynthesis (A); b) stomatal conductance (g); and c) instantaneous water use 
efficiency (iWUEph). Bars show mean ± standard error. Differences were tested with 
Kruskall-Wallis ANOVA test on ranks (X2). Significance level was p < 0.008 after 
Bonferroni’s correction for multiple comparisons and indicated by asterisk (*); n.d. 
indicates lack o f data. N = 5 trees o f each sex per site.
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Figure 2.4: Comparisons o f physiological data along the gradient for Austrocedrus 
chilensis, a) Net photosynthesis (A); b) stomatal conductance (g); and c) instantaneous 
water use efficiency (iW UEph). Bars show mean values and standard error. Different 
letters indicate significant differences within a time period; n.d. indicates lack of data.
N = 5 trees o f each sex per site. Xeric sites are SR (San Ramon) and LE (Cerro Leones); 
intermediate precipitation sites are OT (Cerro Otto) and RU (Cerro Runge); mesic sites 
are HU (Huemul) and LF (La Farola).
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Appendices
Appendix A1
Table A l: Most conspicuous species present in the sites. Xeric sites SR (San Ramon) 
and LE (Cerro Leones); intermediate sampled sites OT (Cerro Otto) and RU (Cerro 
Runge); mesic sites LF (La Farola) and HU (Huemul). Life form: H, herb; S, shrub, and 
T, tree. + indicates presence and - indicates absence. Nomenclature as in Marticorena 
and Quezada (1985).
Species Life form
Xeric 
SR LE
Interm. 
OT RU
Mesic 
LF HU
Acaena ovalifolia H - - - - + +
Acaena pinnatifida H + + + + + +
Acaena splendens H + + + + -
Adenocaulon chilense H - - - - + +
Alstroemeria aurantiaca H - - + + + +
Amsinkia calycina H + + - - -
Anemone multifida H + + + + -
Aristotelia chilensis S, T - - - - + +
Armeria maritime H + + + + -
Baccharis linearis S + + - - -
Baccharis magellanica S - - + + +
Baccharis umbelliformis S + + - - -
Berberis microphylla S + + + + + +
Bromus sp. H + + + + + +
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Table A l: Continued
Xeric Interm. Mesic
Species Life form SR LE OT RU LF HU
Calceolaria crenatiflora H + + + + + +
Cerastium arvense H + + + + + +
Chloraea alpine H + + + + + +
Colletia spinosa S + + + + - -
Cynanchum descolei H - - - - + +
Discaria articulate S + + + + + -
Embothium coccineum S, T + + + + + +
Ephedra frustillata S + + + + - -
Erodium cicutarium H + + + + - -
Eryngium paniculatum H + + + + - -
Fabiana imbricata S + + + + - -
Festuca argentina H + + + + - -
Galium aparine H - - - - + +
Gavilea lutea H - - + + + +
Geranium sessiliflorum H + + + + + +
Hordeum sp. H + + + + + +
Hypochaeris sp. H + + + + + +
Loasa bergii H - - + + + +
Lomatia hirsuta T . + + + + + +
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Table A l: Continued.
Xeric Interm. Mesic
Species Life form SR LE OT RU LF HU
Maytenus boaria T - - - - + +
Maytenus cubutensis S + + + + - -
Miosotis discolor H + + - - - -
Montia perfoliata H + + + + + +
Mulinun spinosum S + + + + - -
Mutisia decurrens H - - + + + +
Mutisia retusa H - - + + + +
Myoschilos oblongum S - - - - + +
Nardophylum obtusifolium H + + - - - -
Nothofagus dombeyi T - - - - + +
Olysium junceum H + + + + - -
Olysium patagonicum H + + + + - -
Osmorhiza berteoi H - - - - + +
Ovidia andina S - - - - - +
Oxalis valdiviensis H + + + + + +
Phacelia maguellanica H - - + + + +
Plantago lanceolata H - - + + + +
Poa lanuginosa H + + + + + +
Poa ligularis H + + + + + +
Poa sp. H + + + + + +
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Table A l: Continued
Xeric Interm. Mesic
Species Life form SR LE OT RU LF HU
Quinchamalium chilense H + + + + + +
Ribes maguellanicum S - - + + + +
Rosa rubiginosa S + + + + + +
Rumex acetocella H + + + + + +
Schinus patagonicus S + + + + + +
Senecio bracteolatus H + + - - - -
Senecio sp. H + + + + + +
Senecio subdiscoideus. H + + + + - -
Sisyrinchium arenarium H + + + + - -
Solidago chilensis. H + + + + + +
Stipa pirogea H + + - - - -
Stipa speciosa H + + - - - -
Stipa tenuis H + + - - - -
Taraxacum sp. H + + + + + +
Tristagma patagonica H + + + + - -
Unsinia sp. H - - - - + +
Valeriana sp. H + + + + + +
Vicia nigricans H - - - - + +
Viola maculata H + + + + + +
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CHAPTER 3 
Photosynthesis in female cones of Austrocedrus chilensis 
Introduction
In dioecious plant species, males and females usually differ in their investment in 
reproduction (Steven and Delph 1996). Female plants tend to spend proportionally more 
of their resources on sexual reproduction (flowering, embryo, fruit and seed 
development) than male plants do (flowering, pollen production). They also differ in the 
timing o f how energy is allocated to reproduction because females continue the 
expenditure of their resources to reproduction after fertilization (Agren 1988, Cipollini 
and Stiles 1991, Allen and Antos 1993, Kohom 1994, Delph and Meagher 1995). Even 
though females have a higher cost o f reproduction, there may be no observable 
differences between males and females in terms of vital parameters such as growth or 
survival due to several possible mitigating factors. For example, physiological 
differences between sexes (Dawson and Bliss 1989, Obeso and Retuerto 2002), niche 
partitioning (Freeman et al. 1976), and/or nutrient reabsorption from senescent structures 
(Chapin 1989, Ashman 1994) can have important influences on reproductive costs. 
Moreover, photosynthesis by reproductive structures like flowers and fruit has been 
described for many angiosperm species and is a potentially important contribution to the 
total C and energy budget o f the plant, challenging the traditional idea that fruits act only 
as C sinks (Bazzaz et al. 1979; Cipolini and Levey 1991; Marion and Houle 1996). Thus, 
an important question of plant resource allocation theory is whether or not reproductive 
structures can compensate for their own production, maintenance and energy costs via 
photosynthesis.
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To date there are few studies on reproductive allocation between male and female 
cones in monoecious gymnosperms (McDowell et al. 2000) and even fewer (if any) on 
dioecious conifers. I examined the cost of reproduction in the dioecious austral conifer 
Austrocedrus chilensis, a monotypic and endemic species. Like many dioecious plants, 
females in this species invest several times more resources (up to 25 times more biomass) 
in reproduction than male trees (Rovere 2000). Despite these differences, there is no 
evidence of decreased female vegetative growth or differential rates o f survival between 
sexes (Rovere et al. 2003) and no differences in terms of physiology at leaf level 
(Chapter 2). These observations suggest the hypothesis that the influence o f greater 
reproductive costs in female trees may be compensated for by other factors. Specifically, 
the objective of this study was to determine if green cones in female Austrocedrus trees 
contributed to their own C and energy costs through photosynthesis.
Methods
Species and study area
Austrocedrus chilensis (D. Don) Pic. Ser. et Bizz (Cupressaceae) is a dioecious 
species (Castor et al. 1996). Flowering occurs from September to mid-November, and 
fruit maturation can extend to mid-May (Brion et al. 1993). While male strobili measure 
~0.4 cm at anthesis, female cones are minute at fertilization (<0.1 cm); they reach the 
mature size of ~1 cm at seed dispersal (Rovere et al. 2003). Cones are green to light 
green during development and they turn brown when ripe and dry (April-May), releasing 
4 winged seeds.
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Austrocedrus is monotypic and endemic to southern Argentina and Chile. On the 
eastern slopes o f the Patagonian Andes it is found between 39°30' and 43°35' S, forming 
a more or less continuous forest strip 20-50 km wide (Seibert 1982, Veblen et al. 1995). 
In Argentina, the region inhabited by Austrocedrus is characterized by an abrupt decrease 
in precipitation due to the orographic effect o f the Andes on westerly moisture. Thus, 
precipitation declines from >3000 mm y r t o  -200  mm y r f r o m  the continental divide 
to the east (De Fina 1972). This environmental gradient is reflected in a west-east spatial 
succession o f montane temperate rainforest from Nothofagus dombeyi forests in the west, 
to Nothofagus-Austrocedrus mixed forests and then pure A. chilensis forests midway 
along the gradient, and finally to open A. chilensis woodlands and Patagonian steppe to 
the east. Precipitation as rain or snow is concentrated during austral fall and winter 
months (April -August) while summer months (December -  February) are relatively dry 
and mild. According to data from Servicio Metorologico Nacional, Bariloche Airport 
Station, Argentina, mean monthly temperature ranges from ~2 °C in winter (July) to 
~14°C in the summer (January).
Site characteristics
Two pure Austrocedrus forest stands located near Nahuel Huapi National Park, 
Argentina (Table 3.1) were sampled at two points, San Ramon and Cerro Otto, along the 
rainfall gradient. Each stand had similar north-west exposure, open canopies and trees 
with low branches, and similar elevation and slope. Sites differed in that the San Ramon 
site was located toward the east side of the ecotone with the steppe where annual 
precipitation was lower. The Cerro Otto site (western) had -35%  more annual 
precipitation than the San Ramon (eastern) site. In each stand, I measured the diameter at
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breast height (DBH) of all individuals > 2.5 cm DBH, tree density, and basal area in 10 x 
10 m2 randomly placed plots (10-30 plots depending on the number of trees present in 
each stand). Plots also were characterized in terms of geographic position (latitude, 
longitude, elevation, slope) and precipitation.
Tree age
Age was determined by coring trees with an increment borer at ~ 0.3 m above the 
ground. One core per tree was extracted at a similar cardinal point (N) in the same trees 
used for physiological measurements. Cores were power-sanded with fine grade sand 
paper, and age was determined by counting annual growth rings to the center of the core 
(Schweingruber 1987). When the center was absent or rotten, the curvature of the last 
ring was used to estimate the number of missing rings to the center in accordance with 
Duncan (1989).
Location o f Stomata
Freehand sections were made from both cones and leaves to examine stomatal 
position and morphology. Tissue samples from 3 to 4 trees per site were randomly 
collected from the same trees and parts of the tree used for physiological measurements. 
Dyes were used to indicate the location of guard cells. More than 80 longitudinal and 
transverse histological sections were examined microscopically and documented 
photographically.
Physiological measurements
Predawn water potential measurements (T |VS) were made using a pressure bomb 
(PMS, Corvallis, OR) before 5 AM (sunrise time) on the same five trees used for other
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
physiological measurements, in 2002 and 2003. Four to five small branches (diameter <5 
mm) were cut and secured in zip-lock bags and placed in a cooler with ice; measurements 
were made within an hour.
At both San Ramon and Cerro Otto, I randomly selected five reproductive females 
for physiological measurements in March 2002 and March 2003, the summer months 
when cones reach mature size (~1 cm) and still are green. I used a portable infrared gas 
analyzer (LI-6200, LICOR Co., Lincoln NE) to measure photosynthesis and conductance 
from 09:00 to 18:00 hr local standard time. Because true leaves are tiny in this species 
(scale-like sensu Dimitri 1972), green leaves clustered at branch tips were used (hereafter 
called a leaf). For 5 trees at each site, I selected 3 north-facing, sun-exposed branches, 
and on each branch physiological measurements were made on 5 leaves and 5 groups o f 
4-6 cones. Because cones and leaves grow tightly packed together, all leaves adjacent to 
cones were removed for measuring cone photosynthesis. Conversely, all cones were 
removed for measuring leaf photosynthesis. In addition, removal of a small amount of 
leaf tissue was necessary to securely fit the branch tip into the LI-6200 cuvette. All tissue 
was removed immediately before measurements. Prior to experimental work, I tested the 
effect of tissue removal on photosynthetic activity; no effect was detected when tissue 
was removed either immediately or several days before measurements.
I measured net C assimilation on March 12, 17, 21 and 23, 2002, and March 2, 8, 
15 and 21, 2003. These dates were characterized for being sunny and clam (no wind). 
Photosynthesis was measured on an area basis (Aarea) in both years and also on a dry 
weight basis (Adw) in 2002. Stomatal conductance (g) was measured in terms o f leaf 
area. Instantaneous water use efficiency of photosynthesis (jWUE) was calculated from
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Aarea and transpiration (E); E was calculated from independent measurements of leaf and 
air temperature and air RH with the cuvette open (Pearcy et al. 1989). After each 
measurement, leaves and cones were collected for lab measurements. Leaf area was 
measured by scanning them (including green twigs) and then analyzing the image with 
Sigma Scan Pro5 software (SPSS Inc.). Because cone shape is not flat, area was 
calculated according to an ad-hoc equation as approximation to an ellipse (see Fig. 3.1). 
Leaf dry weight was measured by drying them (same as cones) after scanning. To 
calculate average cone dry weight, more than 200 fully developed cones, randomly 
picked, from both sites were dried in a oven at 40 °C until they had a constant weight, 
with all twigs and leaves removed. Then, cones were weighed to 0.0001 g. Units follow 
Salisbury (1991) and Larcher (1995).
Cone C balance
To estimate the C balance for a cone, I measured both C acquisition rates (AdW) 
and cone respiration on a dry weight basis in March 17 and 19, 2003 in both the mesic 
and the xeric sites, at different times during the day. The methodology (including 
number o f trees and cones measured) was the same as for photosynthesis measurements 
except that cones were covered by aluminum foil to avoid sun illumination for at least 
one hour prior to measurements; the LI-6200 cuvette was darkened in the same way. 
During the days of measurement, climatic conditions were representative o f typical 
summer days, so these calculations reflect normal summer conditions.
To estimate night respiration rates, corrections for lower nightly temperatures 
were made according to Atkin and Tjokeler (2003) using the following relationships:
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Qio = (R2/R,)[10/(Y t ,)] and R j = (Ro . Qio)t(T V 10]- Where R is the respiration rate; 
Qio is the proportional change in R per 10°C; R2 and Ri are rates o f R measured at T2 
(high temperature) and T \ (low temperature) respectively, and RT is the respiration rate at 
temperature T. Ro is the respiration rate at a reference temperature (To). Considering 
daily Aaw and Rjw, daily and seasonal C gain for a cone was estimated.
Statistical analysis
Physiological data were analyzed using a paired Wilcoxon test to compare rates of 
A, g and jWUE for leaves and cones throughout the day. I used Mann-Whitney test 
(Sigma Stat, VI 0.0, SPSS Inc. Chicago II.) to compare sites according to Sokal and Rohlf 
(1981).
Results
Site characteristics
In the dryer San Ramon site, trees were almost 3 times older than at the Cerro 
Otto site. Basal area was nearly the same at both sites, but mean DBH was slightly 
greater at the San Ramon site. Tree density was more than 3 times higher in the moister 
Cerro Otto site (Table 3.1).
Location of stomata
Cone stomata were located in the epidermis surface and covered by only a thin 
layer of wax (Fig. 3.2a). While they are distributed across the entire surface of the cone, 
they tended to line up along cone longitudinal fibers (Fig. 3.2b). Austrocedrus leaves are 
amphistomatosus. Stomata are packed along a depression that forms a narrow band and
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is covered with a thick layer of wax (the typical white leaf band in Austrocedrus). All 
leaf stomata were sunken in pits as expected for a conifer species.
Physiological measurements
Cones are photosynthetically active in Austrocedrus (Table 3.2). Overall, the 
rates of photosynthesis was more than 3.5 times greater in leaves versus cones on both 
area and dry weight bases. Stomatal conductance was higher in cones (Table 3.2) 
resulting in much lower iWUE. Predawn vP|VS was similar for trees at both xeric and 
mesic sites in 2002 (Table 3.3). However in 2003, T |VS was -23%  lower at the xeric site 
(Tvalue = 15; p = 0.008) suggesting greater water stress (Table 3.3).
No significant differences in leaf Aarea were observed between xeric and mesic 
sites in 2002 (Table 3.3). However, in 2003, Aarea for leaves was significantly higher at 
the mesic site. In contrast, Aarea for cones was significantly lower at the xeric in 2002 
site (Table 3.3), but there were no differences in Aarea for cones between sites in 2003.
Physiological activity o f cones and leaves in xeric and mesic sites over the course 
o f a day during March 2002 and 2003 are shown in Fig. 3.3 and 3.4. Net photosynthetic 
assimilation, measured either as Aarea (Fig. 3.3a) or AdW (Fig. 3.3c), was significantly 
higher for leaves compared to cones in the xeric site in 2002. The same pattern was 
observed in the mesic site (Fig. 3.3b, 3.3d respectively). Similarly, in 2003, Aarea was 
significantly higher for leaves that cones at both xeric (Fig. 3.4a) and mesic sites (Fig. 
3.4b).
Stomatal conductance, g, did not differ significantly between sites for cones in 
either 2002 or 2003 (Table 3.3). The same pattern of no significant differences for leaves
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between sites was observed in 2002; however in 2003, g was more than twice as high 
(p<0.003) at the mesic site (Table 3.2). In both xeric and mesic sites, g was significantly 
higher for cones than for leaves in 2002 (Fig. 3.3e, 3.3f, respectively), but this pattern 
was repeated only for the xeric site in 2003 (Fig. 3.4c).
Overall, there were no significant differences in jWUE for cones in xeric or mesic 
sites in 2002 or 2003 (Table 3.2). In both years, jWUE was significantly different 
between mesic versus xeric for leaves (Table 3.3). The daily pattern for jWUE shows 
that cones transpired significantly more water per CO2 molecule fixed in both 2002 (Fig. 
3.3 g, h) and 2003 (Fig. 3.3e, f) compared to leaves.
Cone C balance
Estimations o f cone C balance yielded a positive balance. Estimated respiration 
rates were based on averaged respiration rates according to ranks of leaf temperature 
during light hours (Table 3.4). Estimations showed a strong influence of temperature on 
respiration rates (Table 3.5). The average dry weight of one green cone (enclosing seeds) 
was 40 ± 10 mg. Therefore, making the simplifying assumption that cones are comprised 
only of C, and using an estimated C gain of -0.43 mg C per day (based on daily C gain 
and loss; Table 3.6), cones in my study would require ~93 days to produce their own dry 
weight in C (estimated cone growing season is -120 days).
Discussion
The results of this study clearly show that green developing cones on female 
Austrocedrus chilensis trees are photosynthetically active and can contribute C and
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energy during the period o f cone development. These results suggest that cones 
compensate for the C cost o f their reproduction and are C self-sufficient, at least when 
environmental conditions are adequate. Yet, cones lose more water than leaves, 
suggesting a potential drawback in terms of water economy. The data presented in this 
study are the first to document this phenomenon in Austrocedrus, and represent one of 
the few studies o f this kind on dioecious conifers.
Green cones of Austrocedrus at both sites were photosynthetically active and 
could indeed compensate for their own C costs. In this study, I conservatively estimated 
that the daily C gain for cones was two orders of magnitude lower than cone dry weight. 
Therefore a cone would require about three months to produce their own dry weight in C, 
an amount o f time that is in the same order o f magnitude o f the growing season. Thus, 
this estimation suggests that a cone could produce its own weight in C thereby 
compensating for both the C cost o f its development and maintenance. However, the 
cone C balance for the growing season could be negative if environmental conditions 
lead to reduction in either rates of photosynthesis or the amount o f time available for 
photosynthesis (e.g., due low light or water stress), and/or if respiration rates increase 
(e.g., due to higher temperatures). Although cones can compensate their C cost while 
they are green, this may not be true when they turn brown and seeds start filling; seed 
maturation at the time when cones become photosynthetically inactive may lead to an 
extra C costs.
Net assimilation o f leaves and cones tended to be higher at the mesic site 
compared to the xeric site. However, age alone did not account for the differences in A 
and g, because even when the average age of trees in the xeric stands was older,
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individuals selected for our study were close in age. The mesic site was a young, post 
fire stand, characterized by trees with lower DBH. The xeric site had fewer trees that 
were bigger (i.e., >DBH), and that were more widely distributed in rocky soil. Thus, the 
differences I report between the two sites in A and g are likely due to site-specific 
differences in climate and stand characteristics. For example, the year 2002 was drier 
than 2003, which had more precipitation.
Net C assimilation rates were 2.5 to 4.6 times higher in leaves than in cones and 
this trend was consistent among sites and years. Furthermore, rates o f stomatal 
conductance to water vapor were up to 2 times higher, while values o f jWUE were 3.5 to 
~6 times lower in cones compared to leaves. Higher g values and lower jWUE values in 
cones would indicate that cones represent a drawback in terms of water economy for 
female trees. It is not surprising that net photosynthesis and jWUE were higher for 
leaves than for cones given that the primary function of leaves is C assimilation and 
conversion o f light energy to chemical bonds. Moreover, stomata in leaves of 
Austrocedrus were protected in wax covered pits, as expected for a conifers species, 
while stomata in cones were more exposed at the surface.
Both leaves and cones responded to water stress during this study. Photosynthesis 
and conductance rates in cones and leaves tended to be lower at the xeric site. The lowest 
values were measured at this site in 2003, when water potential data suggested that trees 
were water stressed. Regardless, in all instances T |VS values were higher than -1.5 MPa, 
the level at which photosynthesis becomes limited in both leaves and cones (at least when 
VPD is ~1.2 kPa or lower; Larcher 1995; Chapter 2).
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There is a paucity o f data in the literature regarding the contribution of 
reproductive structures to the cost o f their production via photosynthetic gas exchange. 
Moreover, data for angiosperms tend to be more common than that for gymnosperms, 
especially for dioecious species. Thus, comparisons are difficult to make. Net 
photosynthetic C assimilation has been reported in a wide variety o f reproductive 
structures including cones, fruit, flower petals and buds, tepals, sepals, and even anthers. 
Using data reported in the literature, I compared net photosynthesis for reproductive 
structures of a variety o f angiosperms and one conifer (Table 3.4; note that I converted 
values and units to those used in our study whenever possible to facilitate comparisons).
In all of the studies I surveyed, A for flowers, fruits, or cones was lower than for leaves. 
Net A for Austrocedrus also was lower for all of the tissues o f angiosperms compared in 
Table 3.4 with the exception o f the tepals of a hybrid lily (Clement et al. 1997 a, b) and 
seed wings in a variety o f dipterocarpaceous species (Kenzo et al. 2003). In the case of 
the diptocarps, net A for seed wings was roughly 30 times lower than rates in leaves. In 
these species, even when wings are self sufficient with respect to C gain and use, the 
overall contribution of photosynthetic wings to seed production is small (Kenzo et al. 
2003). In comparison with another conifer, net A for both Pseudotsuga menziesii and 
Austrocedrus were in the range expected for perennial conifers, a group with relatively 
low A compared to other taxa (Larcher 1995). However, net A was about 50% lower for 
leaves and -33%  lower on a dry weight basis for cones for Austrocedrus compared to P. 
menziesii (Table 3.4, MacDowell et al. 2000). However, this comparison must be made 
cautiously because A max was reported for P. menziesii, while I report average values for 
Austrocedrus. Note, however, that not all green reproductive structures have positive net
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photosynthesis values. For example, net A values for the seed wings in many of the 
Diptocarp species (Kenzo et al. 2003) and the austral mistletoe, Tristerix tetrandrus 
(Nunez and Amico, unpublished data), are negative, suggesting either lack of 
photosynthesis or respiration costs that exceed rates o f C acquisition, at least in 
instantaneous measurements.
Photosynthetic reproductive structures are not the only way to compensate for the 
higher cost o f reproduction in female versus male plants. Habitat partitioning between 
male and female plants also can be a compensatory mechanism in dioecious species 
(Dawson and Bliss 1989, Dawson and Ehleringer 1993, Obeso and Retuerto 2002). I 
noted a pattern of spatial segregation for Austrocedrus (Chapter 4), where female trees 
tended to occupy moister south and southeast facing slopes while males were more 
abundant on north and northwest facing slopes, i.e., higher solar radiation, shallower soils 
with lower nutrients, etc. Thus, in Austrocedrus, spatial segregation of males and 
females may be a strategy to compensate for higher water loss by cones in female trees.
In fact, this may have consequences for the ring growth response to climate in female 
trees. Data on ring growth between sexes at sites with different exposures showed that, 
on N and NW exposures, males grew -100%  more than females (Chapter 4). Lower 
rates of net C assimilation gain by female trees at xeric sites, along with lower jWUE due 
to higher transpiration water loss in cones, may partially explain these findings.
Although cone photosynthesis in female trees o f Austrocedrus may compensate 
for reproductive costs in terms of C, they do represent a sink in term of N. Nutrient 
reabsorption from senescent reproductive structures has been reported in the literature to 
compensate for higher reproductive costs (Chapin 1989, Ashman 1994). However, this
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does not seem to be the case for Austrocedrus. While Austrocedrus has been shown to be 
highly proficient in N conservation by minimizing N losses in leaves independently of 
site characteristics (Buamscha et al. 1998), this study did not account for sex of the trees. 
In another study, Rovere (2000) did not find any evidence of nitrogen reasorption from 
female bracts in cones. However, to accurately estimate reproductive effort in 
Austrocedrus it will be very important to determine how C acquisition by green cones 
influences the dynamic o f nature reproductive costs. In particular we need a better 
understanding of the nutrient economy (e.g., how nutrients are reabsorbed from senescent 
cones and leaves), as well as static costs (i.e., nutrient and biomass at the moment of cone 
ripening) o f reproduction.
In Austrocedrus leaves and cones are sun avoiders as they can change their 
angular position in the branch. Cones are not as efficient as leaves due to theirfounder 
shape, but they are a lighter green color than leaves and may reflect more light.
Therefore, an interesting question that arises is how do Austrocedrus cones deal with high 
radiation (that also may lead to increased temperature). Two possible mechanisms are 
increasing stomatal cone conductance or by aborting the cone.
Results on cone photosynthesis have implications in terms o f global warming. 
Small increases in air temperature lead to increases in cone respiration rates, especially at 
night. Therefore, one potential consequence o f warmer nights, predicted by global 
change scenarios, is that higher respiration rates at night turn cones into C sinks versus a 
C source. Future studies are needed to address temporal and climatic differences in C 
gain by reproductive structures and how reproductive costs are balanced during the 
growing season.
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In conclusion, the fact that cones are photosynthetic is important in developing an 
understanding o f the ecology and physiology of Austrocedrus. This study is the first to 
document that photosynthesis by green cones is significant and appears to be sufficient to 
compensate for the reproductive costs of female cones in Austrocedrus, improving our 
understanding o f tree function and the implications o f sexual separation in this species. 
Interestingly, Austrocedrus is not the only dioecious endemic conifer in the austral 
temperate forests of Patagonia. Nothing is known about the ecology or physiology of 
dioecy in species such as Fitzroya cupressoides, Pilgerodendron uviferum and Araucaria 
araucana. These conifers also have green cones and may have similar physiological 
behavior to Austrocedrus chilensis.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
76
Literature cited
Agren J. 1988. Sexual differences in biomass and nutrient allocation in the dioecious 
Rubus chamaemorus. Ecology 69: 962-973.
Allen G. and J. Antos. 1993. Sex ratio variation in the dioecious shrub Oemleria 
cerasiformis. American Naturalist 141: 537-553.
Antifinger, A.E. and L.F. Wendel. 1997. Reproductive effort and floral photosynthesis in 
Spiranthes cernua (Orchidaceae). American Journal of Botany 84: 769.780.
Aschan, G. and H. Pfanz. 2003. Non-foliar photosynthesis - A strategy o f additional 
carbon acquisition. Flora 198: 81-97.
Atakin, O.K. and M.G. Tjoelker. 2003. Thermal acclimation and the dynamic response of 
plant respiration to temperature. TRENDS in Plant Science 8: 343-351.
Barros V., V. Cordon, C. Moyano, R. Mendez, J. Forquerra and O. Picio. 1983. Cartas de 
precipitacion de la zona oeste de la provincia de Rio Negro y Neuquen. Primera 
contribution. Universidad Nacional del Comahue, Centro Nacional Patagonico.
Bazzaz, F.A., R.W. Carlson, and J.L. Harper. 1979. Photosynthetic contribution of 
flowers and fruits. Nature 279: 554-555.
Blanke, M.M. and F. Lenz. 1999. Fruit photosynthesis. Plant, Cell and Environment 12: 
31-46.
Brion C., D. Grigera, and P. Rosso. 1993. The reproduction of Austrocedrus chilensis (D. 
Don) Florin et Boutleje. Comptes Rendus de l’Academie des Sciences, Paris, 
Science de la vie III, 316: 721-724.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
Castor C., J. Cuevas, M. Kalin-Arroyo, Z. Rafii, R. Dodd, and A. Penaloza. 1996. 
Austrocedrus chilensis (D. Don) Pic.Ser. et Bizz (Cupressaceae) from Chile and 
Argentina: monoecious or dioecious?. Revista Chilena de Historia Natural 69: 89- 
95.
Chapin, F.S. III. 1989. The cost o f tundra plants structures: Evaluation of concepts and 
currencies. American Naturalist 133: 1-19.
Chamov, E. 1982. The theory o f Sex Allocation. Princeton University Press.
Cipollini M. and E. Stiles. 1991. Costs of reproduction in Nyssa sylvatica: sexual 
dimorphism in reproductive frequency and nutrient flux. Oecologia 86: 585-593.
Cipollini, M.L. and D.J. Levey. 1991. Why some fruits are green when they are ripe: 
Carbon balance in fleshy fmits. Oecologia 88: 371-377.
Clement, C., P. Mischler, M. Burras, and J.C. Audran. 1997a. Characteristics of the
photosynthetic apparatus and C 0 2-fixation in the flower bud o f Lilium. I. Corolla. 
International Journal o f Plant Science. 158: 794-800.
Clement, C., P. Mischler, M. Burras, and J.C. Audran. 1997b. Characteristics of the
photosynthetic apparatus and C 0 2-fixation in the flower bud o f Lilium. II. Anther. 
International Journal o f Plant Science 158: 801-810.
Correa, M.N. 1998. Flora Patagonica. Coleccion Cientifica. Instituto Nacional de 
Tecnologia Agropecuaria, Buenos Aires, Argentina.
Dawson, T.E. and J.R. Ehleringer 1993. Gender-specific physiology, carbon isotope 
discrimination and habitat distribution in boxelder, Acer negundo. Ecology 74: 
798-815.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
78
Dawson, T.E. and L.C. Bliss. 1989. Patterns of water use and tissue water relation in the 
dioecious shrub, Salix arctica: the physiological basis for habitat partioning 
between the sexes. Oecologia: 332-343.
De Fina, A. 1972. El clima de la region de los bosques andino-patagonicos argentinos. 
Pages 35-58. In M. Dimitri (ed.). La region de los bosques andino-patagonicos, 
sinopsis general. Instituto Nacional de Tecnologia Agropecuaria, Buenos Aires, 
Argentina.
Delph, L.F. 1999. Sexual Dimorphism in life history. In Gender and sexual dimorphism 
in flowering plants. Geber, M.A., T.E. Dawson, and L.F. Delph (eds). Springer, 
USA.
Delph, L.F. and T.R. Meagher. 1995. Sexual dimorphism masks life history trade-off in 
the dioecious plant Silene latifolia. Ecology 76: 775-785.
Dimitri, M. 1972. La Region de los Bosques Andino-Patagonicos. Sinopsis General. 
Coleccion Cientifica. Instituto Nacional de Tecnologia Agropecuaria, Buenos 
Aires, Argentina. 381 p.
Duncan, R. P. 1989. An evaluation of errors in tree age estimates based on increment 
cores in Kahikatea (Dacry carpus dacrydioides). New Zealand Natural Sciences 
16: 31-37.
Freeman, C.D., L.G. Klikoff, and K.T. Harper. 1976. Differential resource utilization by 
the sexes o f dioecious plants. Science 193: 597-599.
Galen, C., T.E. Dawson, and M.L. Stanton. 1993. Carpels as leaves: meeting the carbon 
cost of reproduction in an alpine buttercup. Oecologia 95:187-193.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Harper, J.L. 1977. Population biology of plants. Academic Press. London.
Hoffmann, A. and M. Alliende. 1984. Interactions in the patterns of vegetative growth 
and reproduction in woody dioecious plants. Oecologia 61:109-114.
Hogan, K.P, M.B. Garcia, J.M. Cheeseman, and M.D. Loveless. 1998. Inflorescence
photosynthesis and investment in reproduction in the dioecious species Aciphylla 
glaucescens (Apiaceae). New Zealand Journal of Botany 36: 653-660.
Houle, G. 2001. Reproductive costs are associated with both the male and female 
functions in Alnus viridis ssp. crispa. Ecoscience 8: 220-229.
Kenzo, T., T. Ichie, I. Ninomiya, and T. Koike. 2003. Photosynthetic activity in seed 
wings of Dipterocarpaceae in a masting year: Does wing photosynthesis 
contribute to reproduction? Photosynthetica 41: 551-557.
Kohom, L. 1994. Shoot morphology and reproduction in jojoba: advantages o f sexual 
dimorphism. Ecology 75: 2384-2394
Krebs, C. 1959. Observaciones fenologicas sobre plantas indi'genas del Parque Nacional 
Nahuel Huapi. Anales Parques Nacionales 8: 127-133.
Larcher, W. 1995. Physiological Plant Ecology. Springer, USA.
Marion, C. and G. Houle. 1996. No differential consequences o f reproduction according 
to sex in Juniperus communis var. depressa (Cupressaceae). American Journal of 
Botany 83: 480-488.
McDowell, S.C.L., N.G. McDowell, J.D. Marshall, and K. Hultine. 2000. Carbon and
nitrogen allocation to male and female reproduction in Rocky Mountain Douglas
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
fir (Pseudotsuga menziesii var. glauca, Pinaceae). American Journal o f Botany 
87: 539-546.
Obeso, J.R. 2002. The costs o f reproduction in plants. Tansley review No. 139. New 
Phytologist 155: 321-348.
Obeso, J.R. and R. Retuerto. 2002. Dimorfismo sexual en el acebo, Ilex aquifolium:
(',Coste de la reproduccion, seleccion sexual o diferenciacion fisiologica? Revista 
Chilena de Historia Natural 75: 67-77.
Pearcy, R., J. Ehleringer, H. Mooney, and P. Rundel (eds.). 1989. Plant Physiological 
Ecology. Field methods and instrumentation., Chapman and Hall. London.
Reznick, D. 1992. Measuring the costs o f reproduction. Tree 7: 42-44.
Rocheleau A. and G. Houle. 2001. Different cost o f reproduction for the males and 
females o f the rare dioecious shrub Corema conradii (Empetraceae). American 
Journal of Botany 88: 659-666.
Rovere, A. 2000. Razon de sexos y crecimiento diferencial del cipres de la cordillera 
Austrocedrus chilensis (Cupressaceae), a lo largo de un gradiente de precipitacion. 
Tesis Doctoral. Universidad Nacional del Comahue. Argentina.
Rovere, A., M. Aizen, and T. Kitzberger. 2003. Growth and climatic response of male 
and female trees o f Austrocedrus chilensis, a dioecious conifer from the 
Temperate Forests o f southern South America. Ecoscience 10: 195-2,03.
Salisbury, F.B. 1991. Systeme Internationale: The use o f SI Units in Plant Physiology. 
Journal of Plant Physiology 139: 1-7.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Schweingruber, F. 1987. Tree rings. Basis and applications o f dendrochronology. D. 
Reidel Publishing Company. USA.
Seibert, P. 1982. Cartas de vegetation de la Region de El Bolson, Rio Negro y su 
aplicacion a la planificacion y al uso de la tierra. Documenta Phytosociologica 2: 
1- 120.
Shea, M., P. Dixon, and R. Sharitz. 1993. Size differences, sex ratio, and spatial 
distribution o f male and female water tupelo, Nyssa aquatica (Nyssaceae). 
American Journal o f Botany 80: 26-30.
Sokal, R. and F.J. Rohlf. 1981. Biometry 2nd ed. W.H. Freeman, New York.
Steven, C. and L. Delph. 1996. The effects o f gender and plant architecture on allocation 
to flowers in dioecious Silene latifolia (Caryophyllaceae). International Journal of 
Plant Science 157: 493-500.
Thomas, S. C. and J. V. La Frankie. 1993. Sex, size and interyear variation in flowering 
among dioecious trees o f the Malayan rain forest. Ecology 74: 1529-1537.
Veblen, T., B. R. Bums, T. Kitzberger, A. Lara, and R. Villalba. 1995. The ecology of 
the conifers o f southern South America. In: Ecology of Southern Conifers.
Enright, N.J and R. S. Hill (eds.). Melbourne University Press, Melbourne.
Williams, K., G.W. Koch, and M.A Monney. 1985. The carbon balance o f flowers of 
Diplacus aurantiacus (Scrophulariaceae). Oecologia 66: 530-535.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82
Table 3.1: Site characteristics on sampled areas for Austrocedrus chilensis in Nahuel 
Huapi National Park, Argentina.
Xeric site
San Ramon
Mesic site
Cerro Otto
Latitude 40° 56' S 41° 07' S
Longitude 70° 48' W 71° 13 'W
Altitude (m a. s. 1.) 1050 950
Slope (degree) 10° 7°
Aspect N N
Soils Haploxerolls Udivitrands
Precipitation<a) mm yr'1 -700 I i—* o o
Basal Area (m2ha ') 27.0 26.4
Density (tree ha '1) 142 498
DBH (cm )(b) 44 (±19) 22 (±11)
Age (years)(b) 92 (±13) 32(±14)
<a) Extrapolated from Barros et al. 1983
<b> Values represent the mean (± standard deviation).
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Table 3.2: Averages for two years o f physiological measurements for cones and leaves 
of Austrocedrus chilensis. Data from xeric (San Ramon) and mesic (Cerro Otto) sites. 
Values are mean (±SE), except for mean cone dry weigh (SD).
Physiological measurement Cones Leaves
Aarea [pmol CO2 m'2 s"‘] 1.05 ±0.09 3.89 ±0.31
Adw [mg CO2 gdw'1 h '1] 0.52 ± 0.04 1.68 ±0.06
g[H 20m '2 s '1] 0.0805 ± 0.0053 0.0605 ± 0.043
jWUEph [pmol CO2  per mol H2 O] 0.86 ± 0.09 4.45 ± 0.20
Dry weight per cone [g] 0.04 ± 0.01 —
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Table 3.3: Physiological data for cones and leaves (Structures) for 2002 and 2003 in the 
xeric (San Ramon) and mesic sites (Cerro Otto). Measurements are predawn water 
potential, net C assimilation rate (A), stomatal conductance (g), and instantaneous water 
use efficiency. Mann-Whitney T value and p values. Significant differences (p<0.05) are 
shown in bold. Values are means ± SE.
Measurements Structure, year Xeric site Mesic Site T value p value
Water Potential 2002 -0.91 (0.04) -0.84 (0.03) 22 0.221
[MPa] 2003 -1.36(0.02) -1.10(0.04) 15 0.008
Cones 2002 0.92(0.11) 1.33(0.11) 65 0.031
Aarea Leaves 2002 3.94 (0.30) 4.22 (0.24) 80 0.438
[pmol C02 m 2 s'1] Cones 2003 0.67 (0.18) 1.22 (0.26) 83 0.131
Leaves 2003 1.70 (0.38) 5.62 (0.77) 98 0.001
Cones 2002 0.092 (0.006) 0.095 (0.010) 89 0.967
g Leaves 2002 0.066 (0.005) 0.068 (0.007) 86 0.775
[mol H20 m'2 s'1] Cones 2003 0.058 (0.009) 0.072(0.013) 65 0.505
Leaves 2003 0.031 (0.005) 0.074 (0.010) 95 0.003
i WUEPh Cones 2002 0.91 (0.12) 0.85 (0.13) 94 0.775
[pmol C02 Leaves 2002 5.34 (0.46) 3.98 (0.24) 118 0.025
per mol H20] Cones 2003 0.52 (0.12) 1.14(0.26) 82 0.161
Leaves 2003 2.07 (0.32) 4.03 (0.29) 96 0.002
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Table 3.4: Respiration rates at different temperatures during daylight hours; rank of 
temperatures in which different respiration rates were measured; mean temperature o f the 
rank.
Respiration rate 
[mg C 0 2 gdw'1 hr'1]
Temperature rank 
[°C]
Mean Temperature of the rank 
[°C]
0.4301 14-16 15.60
0.5591 1 7- 2 0 18.08
0.7537 2 1 - 2 6 22.22
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Table 3.5: Daily C gain and loss. Net A is an average of hourly Adw rates from Cerro 
Otto and San Ramon in 2002. Respiration rates are calculated based on daily 
measurements in Cerro Otto and San Ramon in 2002, after correction for low 
temperatures.
Time of day Net A (C 02 gain)
[mg C02 gdw 1 h 1]
Respiration (C 02 loss)
[mg C02 gdw-1 h-1]
Temperature (°C)
0100 — 0.17 11.1
0200 — 0.14 9.4
0300 — 0.12 7.6
0400 — 0.10 6.4
0500 — 0.10 5.8
0600 — 0.09 5.0
0700 — 0.08 4.4
0800 — 0.12 8.4
0900 0.51 — 14.1
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Table 3.5: Continued
Time of day Net A (C 02 gain)
[mg C02 gdw"1 h"1]
Respiration (C 02 loss)
[mg C02 gdw-‘ h"1]
Temperature (°C)
1000 0.39 — 18.2
1100 0.40 — 21.6
1200 0.50 — 23.5
1300 0.63 — 24.4
1400 0.36 — 25.6
1500 0.70 — 26.8
1600 0.44 — 28.4
1700 0.57 ~ 27.4
1800 0.37 -- 26.4
1900 0.20 — 23.9
2000 1.12 21.6
2100 — 0.68 16.7
2200 — 0.38 13.2
2300 ~ 0.18 11.8
2400 — 0.18 12.0
Sum 5.06
[mg C02 gdw 1 day"1]
3.48
[mg C02 gdw"‘ day'1]
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Table 3.6: Cone daily C balance, i.e., net gain or loss of CO2 and C on a per day basis.
co 2 C
[mg C02 gdw'1 day1] [mg C gdw_1 day-1] 
Gain 5~06 138
Loss 3.48 0.95
C Balance 0.43
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Figure 3.1: a) Group of female cones of Austrocedrus chilensis; b) Detail o f one cone and 
cone area calculus (S), as approximated with an elliptical shape (C).
S = (7c) (C) ( V (Hi)2 + (C)2 + V (H2)2 + (C)2 )
Where C = [(D, / 2) + (D2 / 2)] / 2 
Area exposed to light: S/2
b.
H,
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Figure 3.2: a) Detail of one stomatal pore showing its surface location (200x); b) Cone 
surface with lined stomata and guard cells (at 40x). Insert detail o f one stoma and its 
guard cells (200x).
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Figure 3.3: Physiological responses of leaves and cones in female trees o f Austrocedrus 
chilensis in 2002: a) net photosynthesis by area in xeric site; b) net photosynthesis by 
area in mesic site; c) net photosynthesis by dry weight in xeric site; d) net photosynthesis 
rates by dry weight in mesic site; e) stomatal conductance to water vapor in xeric site; f) 
stomatal conductance to water vapor in xeric site; g) instantaneous water use efficiency 
o f photosynthesis in xeric site; h) instantaneous water use efficiency of photosynthesis in 
mesic site. In all cases, filled circles represent leaves and gray diamonds represent cones. 
Mann-Whitney p values are shown.
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Figure 3.4: Physiological responses of leaves and cones in female trees o f Austrocedrus 
chilensis in 2003: a) net photosynthesis by unit o f area in xeric site; b) net photosynthesis 
by area in mesic site; c) stomatal conductance to water vapor in xeric site; d) stomatal 
conductance water vapor in mesic site; e) instantaneous water use efficiency o f 
photosynthesis in xeric site; f) instantaneous water use efficiency of photosynthesis in 
mesic site. In all cases, filled circles represent leaves and gray diamonds represent cones. 
Mann-Whitney p values are shown.
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CHAPTER 4 
Sex-related segregation in space and growth patterns in Austrocedrus chilensis 
Introduction
The separation of sexes in plants (dioecy) implies reproductive differentiation that 
often leads to differential reproductive costs. In general, female plants tend to have 
higher reproductive costs as they spend proportionally more o f their resources on sexual 
reproduction (flowering, embryo, seed, and fruit development) than do males (flowering, 
pollen production). In addition, females continue the expenditure of their resources to 
reproduction after fertilization longer than males. Reproduction in females, then, tends to 
be limited by C gain and, therefore, selection would favor optimal resource uptake, e.g., 
maximizing C gain. Conversely, male fitness tends to be limited by access to mates, thus 
selection favors adaptations that increase mating success (e.g., pollen production and 
dispersal; Agren 1988, Delph 1990, Delph and Meagher 1995). Therefore, more than just 
providing a mechanism to avoid inbreeding, researchers have hypothesized that separated 
sexes in plants is a consequence of disruptive selection for specialization in ecological, 
morphological and physiological functions related with different reproductive roles 
(Freeman et al. 1976, Freeman et al. 1980, Givnish 1980, Bawa 1980, Agren 1988, Delph 
1990, Delph and Meagher 1995).
Differences in reproductive biology between sexes imply that male and female 
fitness responds differently across environments and, in many cases, this favors sexual 
dimorphism and the spatial segregation o f the sexes (SSS), i.e., biased sex ratio across 
habitats (Bierzychudek and Eckhart 1988, Geber 1999). Therefore, SSS in dioecious 
plants has been regarded as an optimal arrangement for increasing both male and female
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fitness when sexes differ in the amount of resources allotted to reproduction (Bawa and 
Opler 1977, Opler and Bawa 1978, Meagher 1980, Meagher 1981, Meagher and 
Antonovics 1982; Iglesias and Bell 1989). In fact, in many dioecious species the sex 
with higher reproductive costs (generally females) tends to occupy the “best quality” 
microsites while males, assumed to generally have lower reproductive costs, are more 
abundant at lower quality sites along a resource gradient. In most cases, water 
availability was the driving factor, but also nutrients, salinity, temperature or light were 
responsible for the SSS pattern for some species (Freeman et al. 1976, 1980, Dawson and 
Bliss 1989, Dawson and Ehleringer 1993). For some species with SSS, research has 
shown that sexual dimorphism in physiology and morphology is what makes them better 
adapted to different environments (Dawson and Bliss 1989, Dawson and Ehlenringer 
1993). Theoretically, although both sexes should be favored in higher resource sites, the 
advantage is greater for females, and thus selection for specialization on “better” sites 
should be higher for females due to their greater reproductive effort. Moreover, in wind- 
pollinated species, male specialization for poor, drier sites should be favored due to 
enhanced pollen dispersal (Freeman et al. 1976, Dawson and Bliss 1989, Dawson and 
Ehlenringer 1993). Yet, this hypothesis has not been properly tested.
Differential costs of reproduction between sexes may be reflected as sex-related 
growth patterns (e.g., Hoffmann and Alliende 1984, Thomas and LaFrankie 1993, 
Rocheleau and Houle 2001). According to Delph (1999), several studies have suggested 
that lower growth rates in females are a direct consequence o f their greater investment in 
reproduction. If sexes are specialized for different habitats and are spatially segregated, 
SSS may alleviate, at least partially, the higher reproductive effort of females and favor
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growth o f sexes according to the environment. This means that if  females were 
specialized for “good quality” sites, it would be expected that in “poor quality” sites 
males would have higher growth rates compared with females and compared with males 
in “good quality sites” . In “good quality” sites, it would be expected that females would 
have higher growth rates compared with males and compared with females in “poor 
quality sites”.
To date, few studies have examined SSS along a broad range o f environmental 
conditions and with sex-related growth patterns. Studying SSS simultaneously under 
both local conditions and along a regional gradient could give us a better understanding 
of the processes that are responsible for this pattern, allowing us to determine if 
mechanisms at the local scale are the same or different than those at the regional.
Relating SSS with growth patterns allows determination o f whether or not the segregation 
of sexes represents a benefit in terms of growth for the sexes in different environments.
In this study, I focused on Austrocedrus chilensis (D. Don) Pic.Serm. et Bizzarri 
“Cipres de la Cordillera” (Cupressaceae), a native conifer of the northern Patagonia 
Andes in Argentina and Chile (Dimitri 1972), to evaluate patterns o f SSS across an 
extreme moisture gradient and growth patterns at xeric environmental conditions. 
Austrocedrus is monotypic, dioecious, wind pollinated and wind dispersed (Brion et al. 
1983). Females have higher reproductive costs (in terms of nutrient and biomass) than 
males (Rovere 2000). Austrocedrus grows in a narrow N-S strip in the Andean foothills 
along one of the strongest precipitation gradients in the world for a tree species (Pastorino 
and Gallo 1998, Rovere 2000). Topographically it occupies moist/cool south-facing 
slopes as dense even-aged stands, and dry/warm northerly aspects as open woodlands
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(Kitzberger 1994). Growth in this species responds positively to increased precipitation 
and negatively to increased temperature over the growing season, but neither the 
magnitude nor the direction o f the correlations between growth and seasonal climatic 
variables could be predicted based on sex allocation principles (Rovere et al. 2003).
In this study, I evaluated spatial sex segregation (SSS) of Austrocedrus at three 
different scales: 1) within slopes (up- and downhill), 2) between slopes of contrasting 
topographic aspects, and 3) between slopes o f contrasting aspect, located at mesic vs. 
xeric positions along a rainfall gradient. In addition, I explored if sex-related differences 
in tree growth change as a function o f moisture availability, the often evoked factor 
driving sex-segregation. I predicted that if  water availability were the main factor driving 
sexual segregation, then sex ratios would be male-biased in drier and warmer (higher 
radiation) exposures and towards xeric positions along the rainfall gradient. If, in 
contrast, if other factor such as radiation levels were responsible for inducing sex 
segregation, male-biased sex ratios would be expected only on highly exposed slopes 
irrespective of their position along the gradient. Finally, I predicted strong growth 
advantages in male vs. female trees in higher radiation topographic positions, and growth 
advantages for females in topographic positions with low radiation.
Methods
Study area and species
Austrocedrus in Argentina is found on the eastern slopes o f the Patagonian Andes 
between 39°30' and 43° 35' S, forming a more or less continuous forest strip 20-30 km 
wide (Seibert 1982, Veblen et al. 1995). The region inhabited by Austrocedrus is
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characterized by an abrupt decrease in precipitation due to the orographic effect o f the 
Andes on westerly moisture (De Fina 1972). Thus, precipitation decreases ~40mm / km 
in the first 60 km eastward from the Andes. This environmental gradient is reflected in a 
west-east spatial succession o f montane forest types from temperate rainforest, through 
Nothofagus dombeyi monoespecific forests, Nothofagus-Austrocedrus mixed forests, pure 
Austrocedrus forests to open Austrocedrus woodlands and steppe toward east (Dezzotti 
and Sancholuz 1991). Precipitation as rain or snow is concentrated during fall and winter 
months (April -August) while summer months are dry and relatively mild (Fig. 4.1).
Mean monthly temperature ranges from ~2° C in winter (July) to -14° C in the summer 
(January; Bariloche airport station). Soils are relatively thin and mostly of volcanic 
origin overlaying glacial and periglacial topography (Soriano 1983). In the hills, north 
slopes are the most exposed to solar radiation and to the predominant northwest winds. 
Thus environmental conditions in N and NW exposures are characterized by higher solar 
radiation and temperatures and are drier than south and east slopes.
Sex ratio between slopes
I selected three sites with mean annual precipitation lower than 900 mm yr 
(xeric sites) and three sites with >1200 mm yr-'1 (mesic sites). Xeric sites were located at 
the ecotone with the steppe. N and NW slopes at xeric sites had patchy Austrocedrus 
stands, scattered in matrix o f steppe vegetation, while S and SE slopes in xeric sites had 
denser stands o f Austrocedrus. In mesic sites, N and NW slopes had more dense forests, 
while Nothofagus dombeyi, a typical species o f moister areas o f the gradient, was mixed 
in on S and SE slopes. Xeric sites selected for study were: Cerro Leones, Cerro
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Centinela, and Arroyo Cordoba. Mesic sites were Cerro Runge, Cerro Campanario, and 
Arroyo Minero (Fig. 4.1)
The sex ratio for each slope was determined by sexing >80 individuals per slope. 
High radiation slopes (hereafter N-NW) included trees (DBH > 20 cm) that were rooted 
at locations with azimuth angles between 292.5° -  360.0°, and 0.0° - 22.5°. Low 
radiation slopes (hereafter S-SE) included trees rooted at locations with azimuth angles 
between 112.5° - 202.5°. Trees located in extreme microtopographic positions (e.g., deep 
gorges or rock outcrops) were avoided in the sampling. Only trees with clearly visible
'y
reproductive stmctures were considered. Sex ratios (M:F) were determined with a % 
analysis based on observed vs. expected (1:1) frequencies for each slope.
Spatial distribution o f sex within slopes
I choose one hill in a xeric area (Cerro Leones) and one in a mesic one (Cerro 
Runge) to determine if there was gender aggregation or segregation within N-NW and S- 
SE aspects at each site. I surveyed one 50 x 50 m plot on each slope. All trees were 
sexed and mapped using compass points in the grid. Spatial distribution was analyzed 
using the Ripley test (Ripley 1981), an index that estimates tree density in bands at 
different distances (in this case 0 - 25 m) from every individual surveyed. A Monte Carlo 
model was used to construct a 95% confidence interval (Wiegand and Moloney 2004).
Sex-related tree ring growth
At the N-NW and S-SE slopes of Arroyo Cordoba (xeric site), 10 male and 10 
female trees per slope were cored with increment borers at ~0.3 m height, measuring the 
diameter at breast height (DBH) of all individuals. Cores were power-sanded with fine-
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grade sand paper. Annual rings were counted to the pith or inner ring; ring width was 
measured to the nearest 0.01 mm with a computer-compatible incremental measuring 
device. Each ring series was cross-dated based on pointer years (Stokes and Smiley 
1968) and ring width data were assigned to calendar years. Effects of sex (M vs. F) and 
aspect (N-NW vs. S-SE) on radial growth for individual years from 1930 to 2004 were 
assessed using repeated measure ANOVA. In addition, to detect temporal changes on 
growth year by year, ANCOVA were performed using exposure and sex as factors and 
tree age as a covariate.
Ring-width series was converted to basal area increments (BAI) as a means of 
adjusting for the effects o f stem geometry on ring width (LeBlanc 1998, Biondi 1999). 
BAI was calculated (the cross-sectional area of wood produced annually) from the raw 
ring-widths and measured diameters as BAIt = 7i At (Dt -At) where At is the ring width at 
time t, and Dt is the tree diameter at time t. The BAI chronology was calculated for each 
sex and exposure by averaging BAI for each year across all trees sampled at that 
exposure. In addition, tree growth (BAI) was compared within and between slopes using 
repeated measures ANOVA over the years from 1930 -  2003.
Results
Sex ratio and spatial distribution
Across sites Austrocedrus showed a pattern o f SSS (n = 1289 trees, 6 sites) 
related to the aspect of slopes. Males were significantly more abundant on N-NW-facing 
slopes and less abundant on the S-SE-facing slopes (p < 0.01). This pattern was 
remarkably constant among populations with M:F sex ratios o f 1.69-1.72 in N-NW facing 
slopes, and 0.53-0.73 in S-SE-facing slopes. In addition, this pattern held true at all sites
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irrespective o f their position along the rainfall gradient (Table 4.1; Fig. 4.2) so that the 
overall sex ratio at each site did not differ from 1:1 (Table 4.1).
Within each slope, no patterns of sex aggregation were found at either the mesic 
or xeric sites along the precipitation gradient. Within the range o f 0-25 m from each tree, 
the distribution of males and females did not differ significantly from distributions 
expected by chance (all the Ripley’s K-function values fell inside the 5% of confidence 
interval constructed; P < 0.05).
Sex-related tree ring growth
Because the greatest differences were expected at the most marginal site, 
dendrochronological analyses were made only for the Arroyo Cordoba site. Overall, the 
average age for males (115.2 yr) and females (116.1 yr) was not significantly different 
(p = 0.945). However, when exposures were compared, trees on the N-NW slope were 
younger (81.4 yr) than on S-SW slopes (150.0 yr; p <0.001), but there was no significant 
difference in tree age between males and females within a particular slope (p = 0.54).
Overall, growth for males and females combined was greater on the N-NW slopes 
than on the S-SW slopes (Table 4.2; slope factor, p < 0.006). Growth for males was 
significantly greater than for females (sex factor, p < 0.023), but this was likely an artifact 
o f a 100% greater ring growth for males in N-NW slopes; on S-SE slopes there was no 
difference in growth for males compared to females, and there was no difference in 
growth for females, regardless of slope (slope by sex interaction, p < 0.045; Table 4.2).
Over the period measured, both males and females grew more in some years that 
in others (time factor, p < 0.001), and there were significant two-way interactions (time
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by slope, p < 0.001; time by sex, p<0.001) and three-way interactions (time by sex by 
slope, p < 0.001), suggesting that growth trends varied with sex and exposure. I explored 
this interaction in more detail using a year-by-year ANCOVA with tree age as a 
covariable. This analysis suggested that slope-related differences between males and 
females were not constant in time but tended to be strongest during specific time periods 
(i.e., 1939 - 1943; 1945-1951; 1954-1955; 1957- 1962; 1971-1974; and 1988-1993; Fig. 
4.3c). Correlation analyses between growth (BAI) and climate did not indicate 
differences between sexes as both males and females tended to have positive responses to 
increased precipitation and negative responses to decreased temperature over the growing 
season (Table 4.3). However, I did detect a slightly stronger climatic response for greater 
growth in males when climate was favorable (Table 4.3).
Discussion
Results o f this study on six populations o f Austrocedrus suggest that males and 
females are segregated spatially according to contrasting environmental conditions.
Males predominate on N-NW exposures (drier and warmer, higher solar radiation) 
whereas females were more abundant S-SE exposures. However, sexes did not show 
aggregation or segregation in areas smaller than 2500 m2 in sampled sites. The overall 
sex ratio was even and the pattern was equally strong at mesic and xeric sites. The results 
from the most xeric site suggested that on hotter, drier slopes males grew -100%  more 
than females. Nevertheless, on S-SE slopes male and female growth was similar. 
Moreover, female trees grew the same on both exposures. Therefore, the predicted 
growth differences between male and female trees were only partially supported. Growth 
for both sexes tended to respond positively to precipitation and negatively to temperature
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over the growing season and males showed a trend of stronger climatic response in 
growth than females.
Sex-related segregation in space
The SSS pattern found for Austrocedrus chilensis across contrasting exposures 
(but not within a give slope) and its consistency along the rainfall gradient suggesting 
several inferences about the factors involved. First, the lack o f aggregation or 
segregation o f sexes within a given slope could suggest that factors driving distribution 
are fine-grained or randomly distributed across the slope. It also suggests that differences 
between hot, dry slopes compared to moist, cool slopes are considerably more important 
than any within-slope variation. Second, the consistency o f the pattern in mesic and xeric 
sites suggests that the pattern is not driven by moisture conditions alone; thus, another 
factor that may be playing a role is solar radiation because it is assumed to be constant 
along the rainfall gradient but different between slopes. However, based on the data 
presented here, a combination o f several factors including moisture, temperature, and 
even biotic factors may be drivers of the segregation pattern observed in Austrocedrus. 
Moreover, if  moisture was the driving factor, it is likely that a biased sex ratio would be 
found at the ends of the gradient and this would be deleterious, as discussed below.
Sex ratios did not differ from 1:1 when both slopes were pooled, or across xeric 
and mesic sites. Equal sex ratios in Austrocedrus populations also were reported by 
Rovere (2000). The results from Rovere and from this study suggest that, at landscape 
scale, the number of females does not increase toward the more moist side of the gradient 
in the west, nor is there a trend for more males toward the more xeric east side. Such a 
biased sex ratio would be deleterious for at least a couple o f reasons. First, seed
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distribution would be seriously affected because seeds do not fly more than 40 m and 
rarely do they fly more than 100 m from the female tree (Kitzberger 1994). Second, 
having fewer males in the west (moister region) would decrease the availability of pollen 
in the air column compared to a 1:1 sex ratio; moreover, pollination would likely be 
difficult because winds generally blow from west.
Basically, the ultimate cause of sexual dimorphism (disruptive selection or 
competition) is unknown (Geber 1999). In plants, different mechanisms may favor 
sexual dimorphism and the spatial segregation of the sexes across heterogeneous habitats 
due to differences in reproductive biology between males and females. Two mechanisms 
are differential mortality (i.e., the sex incurring the higher cost may suffer higher 
mortality in stressful microsites) and sex choice (i.e., individuals can select or may vary 
their sex according to their physiological conditions or the characteristic of the 
environment). Competition between sexes is probably not a cause o f SSS. The sessile 
nature of plants and their limited dispersal capacity makes competition a poor force in 
promoting dimorphism, and competition alone does not lead to a consistent pattern o f 
male dominance in resource-poor habitats (Bierzychudek and Eckhart 1988, Geber 1999). 
In addition, seed dispersion and germination may be involved in SSS. If sex were 
determined in the seed, differences in seed size or weight would affect seed dispersion 
and possibly germination requirements. But studies for dioecious species are scarce or 
nonexistent (Bierzychudek and Eckhart 1988) and no data are available for Austrocedrus.
In Austrocedrus chilensis, two alternative mechanisms may be behind the SSS 
pattern found, and these are related to the nature o f sex determination or its expression.
In plants, sex expression may be under environmental control or genetically determined
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at the moment o f fertilization. In the former case, different environmental factors play a 
role in sex determination in different species. According to Owens and Hardev (1990), in 
many gymnosperms sex expression is environmentally regulated and is affected by 
factors such as the size and age of the plant, shoot and plant vigor, hormones and climate. 
Sexual differentiation is controlled by a delicate balance o f factors which affect potential 
reproductive meristems before and during differentiation. Studies on conifers showed 
that under natural conditions, microsporangiate strobili differentiate under increasing day 
length while ovulated strobili differentiate under decreasing day length (Owens and 
Hardev 1990). This result was repeated under experimental conditions, where long days 
favored male development and short days favored female development. Other studies 
cited in Owens and Hardev (1990) showed that increased light availability caused by 
thinning in forests stimulated a higher proportion o f microsporangiate versus ovulated 
strobili. In other cases, water stress was the factor driving sexual expression and the 
number o f ovulate strobili was considerably higher in mesic compared to xeric 
environments (Owens and Hardev 1990).
Sex is genetically determined in some primitive conifer species such as Ginko and 
probably Ephedra (Owen and Hardev 1990). In such case SSS patterns could result from 
a combination of intra-sex competition (one sex out-competes the other in early life 
stages) o by differential survival of male and female plants at a particular site, as is the 
case of the dioecious angiosperm Acer negundo (Dawson and Ehleringer 1993). Genetic 
determination of sex would imply that ecological and physiological differences between 
males and females are present at early stages, or if  they became evident at reproductive 
stages, differential mortality in adult trees (leading to biased sex ratios) would be
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observed in the field. Neither o f these explanations seems plausible for Austrocedrus 
because physiological differences between sexes in adult trees are not evident (Chapter 2) 
and dead trees in the field are rarely observed. Thus, the explanation for SSS with the 
greatest parsimony is that sex in Austrocedrus is environmentally regulated.
This study shows the importance o f analyzing SSS at different scales. One 
interpretation for SSS in Austrocedrus at the site scale (dry vs. moist slope) could be that 
moisture availability is driving this pattern, like in other studies (e.g., Freeman et al.
1980; 1976; Bierzychudek and Eckhart 1988, Dawson and Ehleringer 1993). However, 
at the regional scale, even drastic changes in humidity (rainfall) did not change the strong 
pattern found. Therefore, limiting the study to only one scale would lead to 
misinterpretation o f the cause o f the pattern observed. Clearly more genetic and long­
term ecological studies in Austrocedrus are needed.
Sex-related growth patterns
Analysis o f tree ring growth according to sex suggested that on a particular slope, 
males and females have similar ages, but trees on hot dry exposures tended to be 
younger. This pattern is likely related with fire events in the past; indeed frequency in 
this region was much higher -100 years ago (Veblen and Lorenz 1988, Kitzberger and 
Veblen 1997, Kitzberger and Veblen 1999). It is possible that the N-NW exposures had a 
more recent fire event than the S-SE slopes. It also is plausible that after-fire 
recolonization occurred sooner on S-SE slopes. Slower regeneration on dry-warm 
exposures may be related with the fact that Austrocedrus relies in the presence o f nurse 
shrubs for regenerate in arid sites (Kitzberger et al. 2002). In contrast, on mesic sites, 
Austrocedrus can regenerate in the open. Therefore, regeneration of the shrub
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community would be necessary for tree establishment on arid site; however, this does 
not necessarily explain the -70  year difference in average tree age between exposures.
Males had greater growth than females on warm, dry slopes; on cool moist slopes 
there were no differences between males. Moreover, female growth was similar on both 
slopes. Therefore, my predictions were only partially supported. These results were 
consistent with the expectation of growth advantages in male vs. female trees in dry, 
warm topographic positions but not with the expectation of growth advantages for 
females in moist, cool exposures. It is possible that the advantage for females is not 
related to growth but to reproductive output, i.e., females on S-SE exposures may be 
producing more seeds than females in N-NW slopes, but this still needs to be tested. 
These results also suggest that light limitations on the S-SE slopes (where canopies were 
more closed) were at least as important as water limitations were on north-facing slopes 
(where tree density was lower and canopies were open).
In terms of response to climate, both sexes tended to respond positively to 
precipitation and negatively to temperature over the growing season, a similar finding to 
Rovere et al. (2003). In general, males showed a trend o f stronger climatic response, i.e., 
they can grow faster under favorable climatic conditions. The reason for this may be that 
males may have more resources to invest in foliage, resulting in more photosynthetic 
tissue to acquire C when conditions are favorable. Females have higher reproductive 
costs (Rovere 2000). Even though cones can compensate for the C cost represented by 
their production (they are photosynthetic), they still represent a burden in terms o f water 
economy as they have significantly higher conductance rates than leaves (Chapter 2). 
Eventually, when water stress limits photosynthesis, cone respiration rates would prevail
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over photosynthesis becoming, and cones would become a C burden for the tree, thereby 
limiting the ability of female trees to invest C into foliage. It is probable that nitrogen 
economy is also influencing the ability to produce leaves in female trees. However, I 
cannot rule out that the small sample size (40 trees in one site) biased these results.
In conclusion, these results suggest that the pattern of spatial segregation found 
for Austrocedrus chilensis in NW Patagonia has clear advantages for male trees but the 
growth advantages for female trees are not as clear as expected. Interestingly, there was 
no significant disadvantage for females on any slope. Thus, dioecy would help to explain 
the tolerance o f Austrocedrus to notable different moisture conditions along the rainfall 
gradient. It is interesting to note that without the tree ring analysis, I would have 
assumed that south facing slopes were advantageous for females. These findings further 
suggest that light in low-radiation, closed-canopy exposures seems to be at least as 
limiting as water is in high radiation exposures. Again, moisture does not seem to be 
playing a major role in this pattern. Future dendrochronological studies in Austrocedrus 
should consider sex as a factor in analyses as male and female trees may present different 
patterns o f growth depending on exposure.
Spatial segregation o f sexes has important conservation and management 
implications. Extensive tree extraction on S and SE exposures would have detrimental 
consequences for the perpetuation of the population because the probability of removing 
female trees is greater at sites with more females than males. This has implications for 
regeneration because seeds do not disperse more that a few meters (Kitzberger 1994). To 
ensure the perpetuation o f the population, the sex ratio in the area o f management should 
be considered, and harvests planned accordingly.
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Table 4.1: Study sites in areas with mean annual precipitation below 900 mm (xeric) and 
over 1100 mm (mesic). Data are the number o f male (M) and female (F) trees in the N 
and NW (N-NW), and in the S and SE (S-SE) exposures and reported as the total per 
slope (Total); number of male or female trees at site (Overall); sex ratio (M:F) per slope 
and site (Overall); and male to female sex ratio (M:F). Significance P, is based on the Chi 
square value (P < 0.05); numbers in bold are significantly different from expected 1:1.
Sites Slope
description
M # F # Total M:F P
Xeric C. Leones N-NW 49 29 78 1.69 0.023
S-SE 31 49 80 0.63 0.043
Overall 80 78 158 1.03 0.874
A. Cordoba N-NW 65 38 103 1.71 0.007
S-SE 37 70 107 0.53 0.001
Overall 102 108 210 0.94 0.679
C. Centinela N-NW 63 37 100 1.70 0.009
S-SE 56 79 135 0.71 0.047
Overall 119 116 235 1.03 0.845
Mesic C. Runge N-NW 94 55 149 1.71 0.001
S-SE 69 95 164 0.73 0.042
Overall 163 150 313 1.09 0.365
A. Minero N-NW 74 43 117 1.72 0.004
S-SE 34 61 95 0.56 0.005
Overall 108 104 212 1.04 0.785
C. Campanario N-NW 51 30 81 1.70 0.014
S-SE 30 50 80 0.60 0.026
Overall 81 80 161 1.01 0.876
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Table 4.2: Repeated measure ANOVA on basal area increment (BAI) in the xeric 
Arroyo Cordoba site. Factors are: contrasting N-NW and S-SE slopes (SLOPE), sex of 
the tree (SEX), and the 1930-2003 period of time (TIME).
SS DF MS F P
Intercept 105548.7 1 105548.7 109.5723 0.000
SLOPE 8317.1 1 8317.1 8.6342 0.006
SEX 5430.7 1 5430.7 5.6377 0.023
SLOPE*SEX 4163.8 1 4163.8 4.3226 0.045
Error 33714.8 35 963.3
TIME 5087.2 19 267.7 20.9061 0.000
TIME*SLOPE 2213.2 19 116.5 9.0955 0.000
TIME* SEX 924.1 19 48.6 3.7978 0.000
TIME*SLOPE*SEX 477.8 19 25.1 1.9636 0.008
Error 8516.7 665 12.8
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Figure 4.1: Study sites in the Nahuel Huapi National Park. Xeric sites are LE, Cerro 
Leones; CO, Arroyo Cordoba; and CE, Cerro Centinela. Mesic sites are RU, Cerro 
Runge; MI, Arroyo Minero; and CA, Cerro Campanario. Note the 1200 mm of 
precipitation isohyet. Insert: South America and Argentina, arrow points to study area.
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Figure 4.2: Male to female sex ratio (M:F) in north and northwest exposures (gray bars), 
and south and southeast (black bars) in xeric areas (Cerro Leones, Arroyo Cordoba and 
Cerro Centinela) and in mesic areas (Cerro Runge, Arroyo Minero and Cerro 
Campanario); overall sex ratio is 1:1 in all instances.
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Figure 4.3: Basal area increment (BAI)-in male and female trees between 1930 and 
2003 : a) N and NW exposures; b) S and SE exposures; c) P is the significance o f the
SLOPE by SEX interaction in the repeated measure ANOVA on radial increment (i.e., 
the interaction is significant in some groups o f years). Males are represented by white 
circles, dash lines and females by black circles, solid lines.
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CHAPTER 5 
Possible implications of global warming and changes in land use for 
Austrocedrus chilensis forests 
Introduction
The dioecious, monotypic conifer Austrocedrus chilensis is native to southern 
Chile and Argentina. Its forests are important in the Patagonia region in terms of 
biodiversity conservation, basin protection, and as a recreational resource. Moreover, 
Austrocedrus timber is highly appreciated for furniture, and it is a popular ornamental 
tree. According to Law 3387/00 in Argentina, Austrocedrus chilensis has been declared 
the "Emblematic Tree o f Rio Negro Province".
As an ecotone species, Austrocedrus is likely to be affected by climate change 
(Hansen et al. 1988, 1992). Moreover, Austrocedrus forests are under the pressure of 
changes in land use. The distribution of Austrocedrus often overlaps with human 
settlements, particularly in “compact forest” habitats. Furthermore, most o f the o f 
Austrocedrus is outside of protected areas and just ~5% of the distribution Austrocedrus 
distribution is under some type of protection, mostly toward the mesic end of the rainfall 
gradient. In many areas forest are being affected by different anthropogenic disturbances 
such as altered fire regimens, exotic herbivores and exotic conifers plantations.
In this chapter I address possible consequences for Austrocedrus populations in 
terms of climate change (particularly warmer and drier conditions), in combination with 
changes in land use, based on previous research as well as on the results of this work. 
Finally, I will suggest management and conservation recommendations.
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Global warming
Climate, the typical weather pattern in a particular area, is generally considered 
the most important factor influencing plant growth and survival because, to a great 
extent, it governs rates o f photosynthesis and respiration as well as competitive or 
facilitative relationships with other species (Hansen et al. 1988, 1992). The progressive 
increase of C 0 2 in the atmosphere is predicted to cause an increase in global temperatures 
between 3.5 - 5.3 °C and would have a significant impact on the pattern and distribution 
o f rain by either reducing or increasing moisture availability over the growing season 
depending on the region (Hansen et al. 1988, 1992). For many species, global warming 
may result in habitat loss, though for others it may allow for their expansion (Delcourt 
and Delcourt 1998, Smith et al. 2000, Weltzin et al. 2003). Along ecotones, the 
transition zone between two ecosystems, ecological responses to climatic changes are 
particularly evident. Ecotones are systems o f high diversity, i.e., they tend to have 
greater diversity because many species from the surrounding ecosystems can survive. 
Moreover, in ecotones, many species are at the environmental limit o f their distribution. 
Thus, ecotones are predicted to be especially affected by climate changes, particularly in 
semiarid landscapes where moisture is a key limiting factor (Hansen et al. 1988, 1992).
In the Patagonian region of Argentina, an increase in temperature along with decreased in 
rainfall is predicted (Labraga and Lopez 1999) which would lead to a significant loss in 
moisture availability for plants. These changes in temperatures and rainfall are likely to 
affect plant distribution in semi-arid Patagonian ecosystems, particularly along ecotones 
such as the forest steppe or forest alpine boundaries.
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Predictions for climate change in Patagonia
According to Labraga and Lopez (1999), global warming will have a profound 
effect on climate patterns in the Patagonia region. During the next 70 years, the average 
temperature is expected to increase by 0.5 to 2.2 °C. These values are less than the global 
mean (Fig. 5.1), but still significant. For rainfall, a decrease of 36.5 to 110.0 mm/year is 
expected in the region and the change will be more evident in spring and summer (Fig. 
5.2; Labraga and Lopez 1999). Changes in precipitation also would likely affect snow 
pack and, therefore, further restriction in water availability during the growing season.
Nowadays, one o f the strongest precipitation gradients of the world is found in 
western Patagonia. In the region near Nahuel Huapi Lake (41° S), rainfall decreases from 
3500 to 300 mm/yr over a distance of only 130 km. This reduction is more evident in the 
first 60 km from the Andes to the steppe (i.e., west to east) and is less pronounced toward 
the east (Fig. 5.3a; b). Thus, a regional reduction in rainfall due to climate change will 
cover a greater surface area toward the east, i.e., the forest-steppe ecotone and steppe 
areas. This would have an important impact in Austrocedrus populations.
Austrocedrus chilensis
Austrocedrus chilensis (Cupressaceae) is a dioecious tree species in a monotypic 
genus. It is endemic to southern Chile and Argentina. This conical shaped tree usually 
reaches 30 m in height and 50cm of DBH (Veblen et al. 1995). Leaves are small and 
thick with stomata sunken in pits and covered by a thick layer o f waxes (Dimitri 1972; 
Chapter 3). Females have higher reproductive effort (Rovere 2000a), but males and 
females do not differ in their physiology (Chapter 2). Females produce cones that can 
acquire C but loose proportionally more water that the leaves (Chapter 3). Overall sex
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ratio does not differ from 1:1 (Rovere 2000a; Chapter 4), but sexes are segregated 
according to slope exposure where males more abundant on xeric north slopes and 
females tend to occupy more mesic southern exposures (Chapter 4). Austrocedrus 
presents high phenotypic plasticity (Gallo et al. 2004), is highly proficient in the use of 
N, regardless o f site characteristics (Buamscha et al. 1998), and increases water use 
efficiency under water stress conditions (Chapter 2). These factors help explain its 
tolerance to a broad range of environmental conditions. Austrocedrus is not well adapted 
to fire. It has thin bark and does not survive high-intensity fires, and its cones are small 
and easily burned. While any fire may kill younger trees, adult trees tolerate low 
intensity fires, as evidenced by scars (Kitzberger and Veblen 1997). While Austrocedrus 
is broadly distributed from high elevation in central Chile to steppe areas in Argentina, 
this species is mostly abundant and ecologically important in forest steppe ecotone in 
Argentina, where it would be particularly sensitive to the effects of climate change.
Effects of climate, fire and land use on Austrocedrus populations
Austrocedrus seedlings are sensitive to drought and to high solar radiation. In dry 
areas they depend on nurse plants to regenerate (Gobbi and Sancholuz 1992, Kitzberger 
et al. 2000, Rovere 2000b). In fact, in the Patagonian ecotone the strength of facilitative 
associations between shrubs and Austrocedrus juveniles closely tracks annual climatic 
variability. During extremely warm dry years, there is little recruitment o f Austrocedrus 
seedlings with or without protection by nurse shrubs. During cool wet years, 
establishment may occur both beneath shrubs and in open spaces; however, during 
average years which may still present drought stress, establishment of Austrocedrus 
appears to require nurse shrubs (Kitzberger et al. 2000).
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According to dendrochronological studies, episodes of massive tree mortality in 
Austrocedrus forests coincide with exceptionally dry springs and summers and are 
typically related with extreme events of the El Nino Southern Oscillation -ENSO 
(Villalba and Veblen 1997a, 1997b, 1998). Throughout the twentieth century, relatively 
few Austrocedrus trees survived periods o f extreme and persistent (>5 yr) drought. In 
contrast, short droughts (1-2 yr) were not reflected in age structure patterns. Periods of 
reduced radial growth suggested spring-summer moisture deficits and coincided with 
decade-long periods of fewer surviving trees. Thus, radial growth in this species 
responds positively to precipitation and negatively to temperature over the growing 
season (Villalba and Veblen 1997a, 1997b, 1998; Rovere 2003; Chapter 4). Males and 
females differ in their response to climate, as inferred by radial growth. Females tend to 
be less responsive to spring and summer rains than males, probably due to the presence of 
cones in females that tend to loose more water via transpiration than leaves (Rovere et al. 
2003; Chapter 5). Female trees also have lower growth than males on slopes at northern 
exposure (Chapter 4).
In some ecotone areas, changes in land use in the last century have been 
beneficial for Austrocedrus populations. In these regions over the last 40 yr, the 
frequency of surface fires has declined drastically as has the severity o f browsing by 
livestock, allowing increased establishment and expansion of Austrocedrus forests into 
former steppe areas (Veblen and Lorenz 1998, Kitzberger and Veblen 1997, Kitzberger et 
al. 1997). However, the reduction in fire and browsing disturbances alone does not 
account for tree establishment. It is likely that the reduction in disturbances was a 
necessary condition for the increase in Austrocedrus establishment during cool-wet
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intervals. Thus, Austrocedrus distribution and population age structure are influenced by 
the interaction o f both disturbance and climate (Villalba and Veblen 1997a, 1997b, 1998, 
Kitzberger et al. 1997).
Changes in land use also may lead to major changes in cover type that in turn can 
influence the course o f plant succession following fire. For example, intensive logging or 
conversion to agricultural systems by forest clearing or alters the connectivity o f native 
forests so that the behavior and size of fires are likely to differ from those expected in a 
less fragmented landscape. Conversely, exotic conifer plantations lead to greater 
landscape homogeneity, higher connectivity, and increased susceptibility to fire (Alaback 
et al. 2003).
Possible effects of global warming and land use on Austrocedrus populations
Despite the fact that Austrocedrus can tolerate a wide range o f environmental 
conditions due to its plasticity, climate change may have both beneficial and unfavorable 
effects on its distribution. Austrocedrus may respond to climate change by tolerating new 
environmental conditions or by eventually shifting its distribution. Consequently it is 
possible that Austrocedrus will be less affected than other less plastic species in the 
region. However, changes in anthropogenic land use may have an even stronger negative 
effect on Austrocedrus. Southern Temperate Forests in Argentina are well represented in 
a number of National Parks and Reserves along the eastern side of the southern Andes. 
Nonetheless, 85% of the area currently supporting Austrocedrus populations and 
associated ecosystems occurs outside protected areas (Schlichter and Laclau 1998), and 
other ecosystems with species typical of the Patagonian steppe are almost non-existent in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
128
parks or reserves. The small sizes or absence of reserves and parks could be also 
problematic for Austrocedrus in the Chilean part of the range of temperate forests, since 
adequate reserves are located only in southern Chile, where Austrocedrus is less common 
(Armesto et al. 1998).
Austrocedrus dieback due to disease (“Mai del Cipres ”) affects important areas 
by weakening and killing big groups of trees. The dieback presence correlates with 
mesic areas and anoxic conditions of the soil (La Manna and Rajchenberg 2004). 
Therefore, a drier climate could reduce the incidence of “Mai del Cipres However,
“Mai del Cipres ” also may affect individuals in xeric areas, but this infrequent dieback 
presence is thought to be related with anthropogenic disturbances near some areas of 
human settlements. The lack of basic information (like the direct cause o f the dieback) 
suggests that anticipating the effects of global change and anthropogenic disturbances on 
the incidence o f Austrocedrus dieback will be difficult.
Possible changes in Austrocedrus distribution
Decreased rainfall is a typically expected negative effect o f global warming in 
semi-arid ecosystems but the exponential decrease o f rainfall from the Andes to the 
steppe (Fig. 5.3) may modulate the eventual effect o f decreased rainfall on Austrocedrus 
populations. In the “worst case scenario”, this could result as an overall contraction in its 
distribution southward and eastward if the decrease in rainfall were around -100 mm/yr 
and, if over a long time period, individuals were unable to tolerate such drying. 
Austrocedrus grows along a narrow strip o f -70  Km wide, from areas with -2000 to 
-600 mm of precipitation/yr. Taking the Nahuel Huapi area as an example (Fig. 5.3) in a 
“worst scenario” situation, a reduction of 100 mm of precipitation would mean a
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reduction of about -6  Km (~8.8 % reduction) of Austrocedrus distribution at the eastern 
limit of its distribution, along with a western expansion of ~1 Km (1.4 % increase) 
toward the Andes, resulting in an -7 .4  % reduction of its range. Nevertheless, the local 
magnitude of the change will depend on site characteristics. This analysis suggests that 
forest-steppe ecotone populations would be more affected. If indeed there is a shift in 
Austrocedrus distribution, it may be further limited in nonprotected areas, as changes in 
land use in the region could constrain the migration of populations. For example, urban 
settlements, farming, and exotic conifer plantations often overlap with Austrocedrus 
forests, particularly in the forest-steppe ecotone and these land use change are expected to 
increase in the future. In, fact in the last 20 years the population in the Bariloche area has 
increased from -70,000 to -100,000 and this population increase trend continues.
Carbon balance
Higher temperatures and decreased rains may influence the future distribution of 
Austrocedrus via decreased C gain and increased C loss via respiration in individuals. 
Lower soil moisture and higher evaporative demand of the air, due to both higher 
temperatures and reduced rains, may reduce photosynthetic activity, and thus, C 
acquisition. Warmer temperatures, particularly at night, would increase respiration rates, 
decreasing the C balance of trees. Females trees may be particularly affected as cones 
tend to loose more water that leaves and cones can turn from a sources o f C for the tree 
into a sink with slight increase o f respiration rates (Chapter 3), potentially probably 
leading to reduced reproductive rates.
Moreover, conditions of extreme drought and warming, now considered low-a 
frequency events, may became more common. If prolonged dry-warm periods occur for
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greater amount o f time (about five years according to Villalba and Veblen 1997) lower 
rates of C gain combined with higher rates of C loss would decrease seedling recruitment 
and increase adult tree mortality events.
Fire regimes
Fire regimes in NW Patagonia are associated with El Nino-La Nina Southern 
Oscillation (ENSO) events, which affect moisture availability in ways that are favorable 
for widespread burning. The warm phase of ENSO (El Nino) is associated with greater 
moisture availability during the spring, which promotes plant growth (and fuel 
accumulation) and, in turn, leads to peaks in fire occurrence several years later. The 
warmer and drier springs associated with La Nina events exacerbate the drying o f fuels so 
that fire years commonly coincide with La Nina years (Kitzberger and Veblen 1997,
1999, Veblen and Kitzberger 2002). Global warming seems to be increasing the intensity 
of ENSO events and this may have very complex consequences. Some of them may be 
that lightning, that now has a low to moderate strike-frequency (Alaback et al. 2003), 
could became more common due to climate change, thus increasing the chances of 
lighting-ignited forest fires (in addition to the more common human-ignited fires). While 
some forest fires may be suppressed (at least partially, particularly those close to human 
settlements) they may increase in more remote areas. The influence of fire on 
Austrocedrus will be a result o f plant biology and the tree’s distribution on the landscape. 
Due to limited seed dispersal the spatial configuration o f remnant forest patches will play 
a key role in subsequent changes in the extent o f Austrocedrus across the landscape 
(Kizberger and Veblen 1999). Topography, among other factors, influences the 
movement o f fire across a landscape, and the intensity and frequency o f fires tends to
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differ between contrasting exposures. Moreover, genders are spatially segregated, at least 
at sites with contrasting environmental conditions such as N and S exposures (Chapter 4). 
Because the sex ratio o f the species differs between exposures, a fire in a S exposure, 
where females are more abundant, may have more negative consequences for the 
population than a fire in the N exposure due to the influence on seed production and 
dispersal.
Introduced species
Introduced species are globally the second leading cause o f species endangerment 
and extinction, followed only by habitat destruction (Vitousek et al. 1997, Wilcove et al. 
2000). In the case of Austrocedrus, introduced herbivores and exotic conifers are the 
main threats. Browsing by livestock and introduced deer species affects regeneration and 
growth in many areas in NW Patagonia by pruning and because they disturb and compact 
the soil. Wild hogs also may cause intensive and/or extensive soil disturbance in Austral 
Temperate Forests (A. Relva comm. pers.). The combination of fire and the presence of 
introduced herbivores are particularly negative for Austrocedrus forest. Some of the 
most deleterious effects of these animals are that they tend to feed on the plants 
(particularly shrubs) that structure the community, and they disturb the soil (Raffaele and 
Veblen 1998, Relva and Veblen 1998).
Attempts to introduce exotic conifers in the area began in the first decades o f the 
20th century (Simberloff et al. 2002). However, beginning in the 1970’s, plantations of 
several non-native species became a common practice in northern Patagonia replacing 
other land uses such as sheep ranching (Schlichter and Laclau 1998). Three species 
dominate plantations, Pinus ponderosa, Pinus contorta and Pseudotsuga menziesii, and
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these three species occupy extensive ecotone and steppe habitats where Austrocedrus 
naturally occurs (Fig. 5.4). In NW Patagonia there are presently more than 50,000 ha of 
plantations, and the area planted is growing rapidly (SAGPyA 2001). Although the 
ecological consequences of this new activity are unknown, 700,000 to 2,000,000 ha are 
considered suitable for plantations of exotic conifers in the forest-steppe ecotone 
(Schlichter and Laclau 1998). The situation in nearby parts of Chile is similar; for 
example, in south-central Chile extensive areas o f native Nothofagus forests and some 
agricultural land have been converted to Pinus radiata plantations (Lara and Veblen 
1993, Simberloff et al. 2002, Alaback et a l  2003).
Plantation species have been selected due to their ability for fast growth, so they 
easily could outcompete Austrocedrus when planted in close proximity. Climate change 
is expected to exacerbate these differences (Smith et al. 2000, Weltzin et al. 2003). 
Moreover, exotic conifers are known to be invasive in many areas of the southern 
hemisphere, such as Australia, New Zealand and South Africa (Richardson and Higgins 
1998; Richardson and Rejmanek 2004, Rejmanek and Richardson 1996). Though the 
invasion of exotic conifers has not yet been clearly documented in the region (Simberloff 
et a l 2002), their invasion is likely over the long term (Simberloff et al. 2003). The 
combination of the great extent o f forested area and climate change may trigger the 
expansion of exotic conifers beyond the borders of plantations leading to a new invasion 
in the southern hemisphere with negative consequences for native forests. A further 
threat is that exotic conifers alter the fire regime because they modify the abundance and 
structure of fuels (Richardson and Bond 1991, Agee 1998) as they lead to greater 
landscape homogeneity and susceptibility to fire. Plantations also alter the nature of post­
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fire vegetation changes, which in turn can influence flammability, water use efficiency 
and other aspects of ecosystem function (Alaback et al. 2003). Exotic conifers also tend 
to produce hotter fires due to the presence of pitch and resins (P. Alaback comm. pers.).
Thus, stronger ENSO cycles due to climate change described above, in 
combination with extensive plantations, may increase the frequency, intensity and also 
the extent o f fire events, allowing the propagation of fires to ecosystems along the 
ecotone boundaries. An additional threat to these southern temperate forests is that, in 
many pine species, fire is a factor that contributes to or even promotes regeneration, like 
in Pinus ponderosa (Agee 1998). This adaptation of pines would promote regeneration 
of exotic forests after fire.
Other threats
One possible threat that has not been studied is that of pollen interference (sensu 
Parantainen and Pasonen 2004) between exotic and native conifers in Patagonia as exotic 
pollen may physically clog females receptacles (A. Rovere comm. pers.). Furthermore, 
we do not know how sex is expressed {sensu Owens and Hardev 1997) in Austrocedrus. 
Climate change might affect the delicate balance of factors that regulate the production of 
male or female structures (if sex expression is under environmental control) or the 
relative survival of male vs. females individuals (if sex is genetically determined), 
thereby possibly affecting population sex ratios. More research is needed to understand 
the possible effects, if  any, o f exotic pollen interference and climate change on sex ratios.
Historically, forestry practices in Patagonia have not included establishing 
profitable plantations of Austrocedrus (or any native forest species), and management 
plans have only regulated its extraction. In addition, the high quality and price o f its
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wood make Austrocedrus very appealing for illegal extraction. Another common use of 
this species is for fuel. Indeed, for some people native forest species provide the only 
fuel for heating homes, which further increases the illegal extraction o f native forest 
species. Although one o f the aims of exotic conifers plantations is to reduce the pressure 
on native forests (Schlichter and Laclau 1988), the higher quality o f wood still makes 
native species more appealing than exotic conifers for extraction. In addition, plantations 
typically are planted on private property and have better protection from illegal 
extraction. This is not the case for many native forest areas, which tend to be on 
state/public property where protection from illegal extraction is patchy at best and often 
nonexistent. Hence, large extensions of pine plantations would tend to do more harm that 
good to native forests.
Recommendations
Given that climate change is likely to influence, among others factors, growth 
rates, seed production, regeneration, dieback incidence and fire regimes, manager should 
seriously consider climate change as a factor affecting Austrocedrus populations in the 
creation of conservation and management plans. Moreover, because Austrocedrus is a 
dioecious species that presents sexual spatial segregation o f sexes (Chapter 4), 
conservation, management and restoration plans must account for the distribution of 
males and females to maintain sex ratios that ensure pollination, seed production and seed 
dispersal at each site. Plans also should consider how Austrocedrus regenerates under 
different moisture and canopy conditions (Gobby and Sancholuz 1992, Rovere 2000b). 
For example, in arid environmental conditions Austrocedrus regeneration depends on the
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presence of nurse plants (Kitzberger et al. 2002). Thus, it is critical that the structure of 
any managed stands retain a community structure favorable to seedling establishment.
In conclusion, the expected warming and xerification of climate in NW Patagonia 
would affect Austrocedrus populations, but it is likely that its plasticity will help 
individuals to acclimate and tolerate the change. However, other factors, acting alone or 
in combination with climate change, could threaten or endanger this important species. 
Urban sprawl, browsing by exotic herbivores, soil compaction along with the especially 
negative influence of increased logging, plantations and invasion o f exotic conifers, and 
altered fire regimes will constrain Austrocedrus populations in the future. An expansion 
of protected areas in the steppe-forest ecotone, development of more appropriate range 
and forest management techniques to promote Austrocedrus regeneration, and the 
development of conservation and restoration plans, are needed maintain the genetic 
diversity and critical ecological role of Austrocedrus ecosystems o f Patagonia.
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Figure 5.1: Decrease in temperature predicted for Argentina. Weighted average o f the 
variation in mean regional temperature for each season of the year, in °C, per degree 
increase in global temperature, for Argentina. Contours indicate intervals of 0.1°C. Dark 
and light yellow areas indicate an agreement o f 5 or 4 of 5 models in temperature 
increase above the global mean. In dark and light blue areas, 5 or 4 of 5 models 
(respectively) agree with the change o f temperature below the global mean. Top left, 
summer; top right, fall; bottom left, winter; and bottom right spring. (From Labraga and 
Lopez 1999).
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Figure 5.2: Decrease in precipitation predicted for Argentina, expressed in mm/day per 
degree o f change in global temperature. Contours indicate intervals o f 0.05 mm/day/°C. 
Dark and light yellow areas indicate agreement o f 5 or 4 o f 5 models (respectively) 
predicting an increase in rains. Dark and light blue areas indicate an agreement o f 5 and 
4 models predicting a decrease in rains. In white areas less that 4 models agree. Top left, 
summer; top right, fall; bottom left, winter; and bottom right spring. (From Labraga and 
Lopez 1999).
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Figure 5.3: a) Mean annual precipitation isohyets. Note the transect at 41° S latitude; b) 
Decrease in precipitation along a 130 km-long transect at 41° S latitude, Nahuel Huapi 
National park, from 3500 to 300 mm/yr, from the Andes (0 Km) to de steppe (-130 Km).
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Figure 5.4: Exotic Pinus ponderosa plantation in the forest steppe ecotone bordering 
native Austrocedrus trees. Note the distribution o f the two conifer species.
Pinus ponderosa
Austrocedrus chilensis
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CHAPTER 6 
Summary aimed for the general audience 
Is your furniture made out a male or a female Cipres?
Cipres is unique conifer tree found only in the southern Andes of Chile and 
Argentina (Fig. 6.1). It is a valued forest species, and people use the wood to build 
houses or beautiful wood furniture. Believe it or not, Cipres trees are either male or 
female; the scientific term for having separate male and female plants is “dioecious”.
This is really interesting because most plants have male and female parts on the same 
individual, and usually in the very same flower. Differences between male and female 
plants may be subtle and largely ignored, but they are important for the plants. This is 
why in this article, besides describing some interesting characteristics o f Cipres, I will 
talk about some o f the important consequences of being either male or female for a tree.
What is so unique about Cipres?
“Cipres de la Cordillera” (or Cipres) is the common Spanish name for 
Austrocedrus chilensis. A scientific name has two parts. The first name, Austrocedrus, 
refers to the “genus” and in Latin it means southern cedar. The second part is chilensis , 
refering to this particular tree; in Latin this means “from Chile”, where it was first 
discovered. Cipres is a conifer, a word that means "to carry cones" and it is grouped in 
the Cupressaceae botanical family. In the beautiful region of Patagonia, there are only 
two members of this family. One is Cipres de las Guaitecas (Pilgerodendron uviferum), a
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type of cedar, another is Alerce (Fitzroya cupressoides), a type o f larch. Alerce is 
considered the longest living tree of the southern hemisphere and the second longest- 
living tree o f the world (it can live more than 3500 years!). These conifers are the only 
species in their genus, so are quite distinct from all other types o f cypress, cedar and larch 
in the world. Even more important, they are endemic, meaning they are only found in the 
Austral Temperate Forests of Argentina and Chile. Therefore, in addition to the beauty 
of their wood, the fact the only grow in our “ecological neighborhood” makes them very 
interesting to scientists and conservation biologists.
In Argentina, Cipres grows in the Andean regions o f Neuquen, Rio Negro, and 
Chubut. Individual trees can live 800 years, but old trees are quite rare due to the high 
frequency of disturbance, such as fire and logging. In good-quality places, Cipres can 
grow more than 30 m in height (Fig. 6.1), but in tough environments it may also look 
more like a shrub, tucked away in rocky places. When it is heavily browsed by cattle or 
exotic deer it also may look like a shrub.
One o f the interesting facts about our ecological neighborhood is that the amount 
of rainfall decreases dramatically over a very short distance. Precipitation, in the form of 
snow or rain, changes from about 3500 mm at Puerto Blest in the west, to only about 700 
mm at the Bariloche airport toward the east. This “rainfall gradient” is caused by the 
presence o f the Andes, and ours one of the steepest o f the world. This gradient has a 
significant effect on the kinds of plants we see between the Cordillera and the steppe. 
Interestingly, Cipres can live along most part of this rainfall gradient and apparently, it is 
one of the few tree species in the world that can tolerate such differences in precipitation. 
In the west, Cipres can be found growing with the rainforest tree Coihue, also called the
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southern beech (Nothofagus dombeyi). Cipres also can form dense forests in the middle 
of the gradient, or even open woodlands in the Patagonian steppe. In fact, it is the only 
native tree species in Argentina that can grow in the steppe. Cipres has special 
characteristics that allow it to grow in such hot, dry conditions. One reason it can 
tolerate dry conditions better than trees like Lenga, another southern beech (Nothofagus 
pumilio), is because the leaves are small, thick and covered by waxes, which limit the 
loss of water.
Previously I mentioned that Cipres had male and females trees. How do we tell 
them apart? First, we have to know what kind of reproductive structures they have.
Some trees, especially young ones, do not have any; but most trees do have at least some. 
Male trees have “catkins” that produce pollen. Catkins are cylindrical, about 4 mm long, 
and located at the ends of side branches. Female trees have little woody cones about 10 
mm long. Cones from previous years are brown to gray and open; I will talk about “new” 
cones later. Like most conifers, Cipres needs wind to spread pollen in spring, but also to 
disperse the seeds in autumn. Seeds need to spend the winter on humid, cold soil to be 
ready to germinate the in spring. Do you have Cipres tress growing in you backyard? 
Which sex are they?
It takes a lot on energy to make seeds
It will not be surprising to learn that female plants use a lot more energy and 
resources to make cones (or fruits) and seeds (the equivalent o f babies) than males use to 
make pollen (the equivalent of sperm in animals). In the wild, resources such as light, 
water, and nutrients are in limited supply. The amount of resourses that plants can gather
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with their roots and leaves will determine how much they can grow, and how much 
energy the will have to produce pollen and seeds. If more energy is used for growth, less 
will be available for reproduction and vice versa. In dioecious species, individual male 
and female plants can differ in the quantity of resources needed for reproduction. For 
most dioecious plants, the cost of reproduction in males is relatively “cheap” -  only 
flowers and pollen. However, female plants have to make flowers and then invest energy 
in the growth of fruits and seeds. As a result, female plants may be smaller or grow 
slower than males. The frequency o f reproduction or the number of offspring produced 
may be limited. And in some locations, female plants may have higher mortality rates. 
However, some species o f plants have ways to compensate for the differences in the cost 
of reproduction in males and females, which is important to the overall survival o f the 
species.
What about Cipres?
There have been several scientific studies on Cipres, and we are beginning to 
understand a lot about its ecology and how it grows. For example, we know that both 
male and female trees reach sexual maturity at the same age (20 years o f age) and size (5 
cm in tree trunk diameter), and male trees produce more catkins than the number o f cones 
made by female trees. This is not surprising because cones are bigger than catkins, so 
they require more energy and nutrients to build. Both sexes produce reproductive 
structures every year, but the amount of cones produced by females is more variable than 
the number catkins produced by male trees.
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The climatic conditions during the time of the year when trees are growing have 
important influences on tree growth for both male and female Cipres trees. This is 
because trees grow best in those years that have more rainfall in spring and summers. 
Both males and females tend to grow more slowly in warmer years with dry, hot 
summers. Disturbing the places where these trees are found can really slow their growth 
by changing the amount of light, moisture, and nutrients. It can even prevent successful 
production o f seeds and new plants.
In general, the number of male and female trees in a certain area, and over the 
entire range of Cipres, is the same. However, if  you compare different slopes o f a hill, an 
interesting puzzle arises. Males are more abundant on hot dry exposures, which means 
slopes that face north and northwest. Just the opposite is true for female trees, which are 
more frequent on the cooler, moister south-facing slopes. Having sexes growing in 
different places may help males because on hot dry slopes they seem to grow much faster 
than females. Moreover, they have a better chance to disperse their pollen because there 
are fewer trees and they are more scattered. The story is different on south-facing slopes 
where there is little or no difference in the growth for males and females. So is still 
puzzling what the advantages are for females, maybe they are able to produce more seeds 
on these moister exposures.
This uneven pattern o f male and females on different slopes of our mountains is 
the same all along the rainfall gradient. This means there are not more males on the 
steppe (dry) or more females toward the Andes (moist). This tells us that the reason for 
this odd pattern is not just the amount o f moisture. Maybe the amount o f sunshine and 
other factors are involved. These puzzles need more research to be solved!
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Female’s trick
As I mentioned before, producing cones and seeds costs a lot more than producing 
pollen. However, female trees o f Cipres have a trick to compensate for their higher 
energy and nutrient needs. To understand this special trick of female trees it is necessary 
to review how plants get energy and food. Leaves are green because of the activity of 
special pigments that allow them to convert sunlight and gasses in the air into energy and 
sugars (food) through the process called photosynthesis. Looking closer at the “new” 
cones produced by females when they are big enough to notice (in summer) you will see 
something really surprising. Young cones are green just like leaves! Scientists wondered 
if cones are green, could they also be photosynthetic like leaves? It is amazing but it is 
true, the little green cones o f Cipres can do the process o f photosynthesis! This means 
that they can provide at least some of the energy and materials needed for their own 
growth. It is as if  a baby in his mother womb had his own source o f food. If you 
compare cones and leaves, cones do not photosynthesize as fast as leaves, and cones 
waste more water, making them less efficient. Nevertheless, this is really amazing 
because very few plants on earth have flowers, fruits, or cones that can convert light 
energy into food for growth. In most plants on earth, flowers, fruits and cones only use 
energy and building materials from the mother plant.
The future o f Cipres and our unique forests
Our unique ancient trees, like Cipres and Alerce, are facing many threats. Some 
are obvious but others seem invisible to our eyes. Some of the immediate threats include 
increased logging pressure, urban sprawl, browsing by exotic herbivores, pine
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plantations, exotic species invasions, and fire. These are threats that we can address and 
solve. For example, telling male and female trees apart is critically important for creating 
sound logging and management plans. Remember that the number of males and females 
changes depending on if the hillside faces north or south. Logging on south-facing slopes 
removes a lot more females from our landscape than logging on north-facing slopes. The 
problem with this is that only female trees produce seeds (Fig.6.1). Thus, it is essential 
that loggers leave both males and females on every hill. In addition, seeds do not fly too 
far from their mothers (Fig. 6.1) so it is important that healthy, undisturbed patches 
remain everywhere logging is planned.
Another threat we can solve is the location of plantations. Nowadays exotic 
conifers, like pines from USA, Canada and Europe are being planted in the very same 
areas were Cipres grows. Not only are these are planted areas huge, but the amount of 
land they are eating up is growing fast. Pines not only take habitat away from Cipres, 
they also can increase the frequency, intensity, and extension of forest fires. Even worse, 
most pines are originally from areas were fires are more common that in Patagonia, thus 
they are adapted to regrow much better than Cipres after a fire.
But what about the invisible threats? Scientists predict that global warming will 
influence our ecological neighborhood too. In Patagonia, we can expect an increase in 
the annual average temperature of 0.5 to 2.2 °C and a decrease in the annual average 
rainfall of 36.5 to 110.0 mm. O f course, the unique trees in Patagonia may be able to 
tolerate some o f these changes. What is likely is that their ranges may decrease, in other 
words, they will not be able to grow in as many places. Thus, the future o f Cipres, as 
well as the other endemic species of the Temperate Austral Forest, depends on the
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presence and expansion of protected areas, sound management, and the development of 
adequate conservation and restoration plans.
In summary, Cipres is an amazing tree and full of interesting surprises. What 
makes Cipres so special? Individual trees are either male or female, the cones can 
photosynthesize, and male and female “prefer” different places to grow. Moreover, 
native Cipres forest have very important ecological values, including the conservation of 
biodiversity, and protection of water basins. And don’t forget the value of Cipres as a 
timber species, and for their interest to tourism and recreation. We still have a lot of 
puzzles to solve to better understand the ecology o f Cipres and it “dioecious” cousins in 
the forests of Patagonia. Making sure we have a good plan for their future survival is the 
first important step to solving these puzzles.
Figure 6.1: This particular Cipres female tree is known as “La Cipresa”. 
Note all the offspring around the mother plant. A single female tree could 
be o f a lot o f help to regenerate a forest.
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Specific terms
Dioecious: Plant that has female reproductive structures (female cones or flowers with 
carpels) and male reproductive structures (catkins or flowers with stamens) on different 
individuals.
Endemic species: Species that is confined to a specific and relatively small geographic 
area.
Monoecious: Plant that has male and female reproductive structures in the same 
individual.
Monotypic genus: In plant classification a genus that has only one species.
Photosynthesis: The process by which plants, (an other organism with special 
pigments), use light energy to transform CO2 from the air into energetic compounds such 
as sugars.
Precipitation gradient: The decrease in precipitation due to the presence of Mountains, 
in this in case, in the Andes from west to east. In the region of the Nahuel Huapi 
National Park, over a distance of about 70 Km, annual mean precipitation diminishes 
from -3500 mm to -700 mm, created one o f the most abrupt changes in precipitation on 
the planet.
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CHAPTER 7 
Executive summary and future research opportunities 
Executive summary
Plants species with separate male and female individuals (dioecy) provide us with 
the opportunity to study the functional significance o f sexual dimorphism when most o f 
ecological and phenotype characteristics are similar. More than just providing a 
mechanism to avoid self inbreeding, researchers have hypothesized that dioecy in plants 
is a consequence of disruptive selection for specialization in ecological, morphological 
and physiological functions, because male and females may have differential resource 
demands related with their distinct reproductive roles. In many cases, these differences 
become evident under heterogeneous environmental conditions. Therefore, dioecious 
species occurring along environmental gradients provide the opportunity to study the 
functional significance o f sexual dimorphism.
Female plants tend to have higher reproductive costs than males due to fruit 
production and in many cases male plants tend to exceed females in vigor, growth rate, 
total size, and/or vegetative reproduction as a consequence of lower allocation to 
reproductive effort. In some cases, consequences o f extra reproductive costs in females 
are masked by strategies such as gender-specific physiology, photosynthesizing 
reproductive structures, or spatial segregation o f sexes (SSS, when females tend to 
occupy “best quality sites” along a resource gradient). If female compensation is 
inadequate, growth rates, survival and other activities may be negatively affected. 
Therefore, two important questions to answer for dioecious species are: 1) whether or not
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there are consequences o f differential reproductive effort at individual (e.g., reduced 
growth) and / or population level (e.g., population biased sex ratios due to sex-biased 
mortality) and 2) if  males and females show some type of sexual specialization (e.g., 
differential physiology and/or spatial segregation o f sexes).
The Temperate Austral Forest o f Northwest Patagonia, Argentina, is an ideal 
place to study SSS because o f unique characteristics such a steep rainfall gradient and 
high incidence of dioecy among the extant native conifers in (8 o f 9 species are 
dioecious). My study was carried out in Nahuel Huapi National Park and surrounding 
areas, focusing on Austrocedrus chilensis (D. Don) Pic. Ser. et Bizzarri (Cupressaceae). 
This dioecious conifer is a dominant endemic forest species along a rainfall gradient from 
~2000 to ~600 mm ppt yr'1. Female trees o f Austrocedrus have higher reproductive 
effort; however, there are no sex-related differences in radial growth, frequency of 
reproduction events, age, or size at first reproduction. Overall, the populations sex ratio 
is 1:1 but there some inconsistent sex ratios among some populations, as shown by 
previous studies.
Assuming that reproductive effort is different, then either female trees 
compensate for their higher reproductive effort or there are energetic consequences but 
previous studies did not detect them. Therefore, the questions for this study were the 
following, Do males and females differ in their leaf physiology? Are cones 
photosynthetic? If so, do cones compensate their C cost? Do males and females occupy 
different sites? If so, is growth similar for males and females in those different 
environments? Moreover, possible consequences of changes in land use and global
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warming were analyzed based on the results of this and previous studies of Austrocedrus 
chilensis populations.
Results of Chapter 2 showed that the physiology at leaf level, including water 
stress, C acquisition and stomatal behavior, was similar for male and female 
Austrocedrus trees, regardless of season or site location along a steep rainfall gradient. 
Therefore, female trees did not seem to be compensating for higher reproductive effort 
with higher rates of leaf photosynthesis as expected. During the growing season, trees 
showed a trend o f higher photosynthesis and significantly higher conductance rates in 
spring than in summer regardless of gender. These results suggest that trees had similar 
rates of C uptake in spring and summer but water use efficiency was greater in the 
summer. Along the rainfall gradient, rates o f photosynthesis and stomatal conductance 
varied, but without any strong pattern, and only one xeric site had significantly lower 
rates of photosynthesis and conductance. Seasonality and position in the gradient played 
a role on tree physiology but differences were not very strong, indicating that 
Austrocedrus has high plasticity and tolerates water stress by increasing its water-use 
efficiency when less water is available. These results have management and conservation 
implications. The absence Austrocedrus in some forest-steppe ecotone areas has been 
regarded by foresters in Patagonia as evidence o f its inability to grow in those areas. This 
argument assumes that Austrocedrus does not have a good tolerance to xeric conditions. 
Interestingly, these are the same areas currently favored for the establishment o f exotic 
conifer plantations. The results from Chapter 2 suggest that the absence of Austrocedrus 
may be more related to anthropogenic factors, also shown by other ecological studies on 
Austrocedrus, rather than its ability to tolerate xeric conditions. Therefore, exotic conifer
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plantations in ecotone areas should be limited and regulated to ensure the long-term 
presence o f Austrocedrus populations and its habitat.
Female Austrocedrus trees have cones that are photosynthetically active and have 
active stomata (Chapter 3). Cones can contribute C and energy during the period of cone 
development, compensating for the C cost o f reproduction. While A of cones was lower 
than leaves, stomatal conductance was higher in cones resulting in lower water use 
efficiency. This result suggests a potential drawback in terms o f water economy. Higher 
g cone rates are probably related with cone stomata characteristics. In cones, stomata are 
distributed across the entire surface o f the cone and tended to line up along cone 
longitudinal fibers; cone stomata are located in the epidermis surface and covered by only 
a thin layer o f wax. Leaves are amphistomatosus and stomata are packed along a 
depression that forms a narrow band and is covered with a thick layer o f wax (the typical 
white leaf band in Austrocedrus), sunken in pits as expected for a conifer species. In this 
study, cones showed a positive daily C balance, and need -93 days to produce their own 
dry weight in C, an amount o f time that is in the same order of magnitude o f the growing 
season. Therefore, unfavorable environmental conditions that would decrease rates of A 
or increase R  would upset cone C balance, turning cones from a source o f C into a sink. 
For example, warmer nights, as predicted by global warming models, may have a 
negative effect in the cone C balance via the influence on respiration thereby affecting 
females trees more negatively that male trees (Chapter 3).
Austrocedrus populations in this study showed spatial segregation of sexes (SSS). 
In Chapter 4, data showed a pattern o f SSS that was related to the aspect o f slopes but not 
within any particular slope or at landscape scale (n = 1289 Austrocedrus trees). More
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males were found (M:F -1 .7) on warmer and drier slopes with high solar radiation (i.e., 
N-NW exposures) than on S-SE exposures. On the cooler, moister S-SE exposures, 
females were more abundant (M:F ~0.6). The distribution of sexes within a given slope 
was random. Over the region, the sex ratio is even (1:1). The SSS pattern was consistent 
and equally strong at both moist and xeric sites across the rainfall gradient therefore, the 
observed SSS pattern cannot be solely attributed to moisture availability, which is the 
often evoked factor. It also may be due to radiation as well as other abiotic and biotic 
factors that were not considered in this study. The mechanism behind the SSS is 
unknown basically because we do not know if sex in Austrocedrus is genetically 
determined or if sex expression is under environmental control.
Radial growth of male trees was favored on N-NW slopes (-100%  higher than 
females or for males on S-SE exposures). Radial growth of female trees was the same in 
both exposures. Slope-related differences between males and females were not constant 
in time but tended to be strongest during specific time periods. Both males and females 
tended to have positive responses to increased precipitation and negative responses to 
decreased temperature over the growing season. However, a slightly stronger climatic 
response for greater growth in males was detected when climate was favorable. The SSS 
pattern found for Austrocedrus has clear growth advantages for male trees, but the 
advantages for female trees were not as clear as expected. Nevertheless it is possible that 
female reproductive output on S-SE slope was higher that in N-NW. For males, light in 
S-SE exposures seemed to be more limiting than water on N-NE slopes. For female 
trees, light in low-radiation and closed-canopy exposures seems to be at least as limiting
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as water was on high-radiation exposures. Dioecy would help to explain the tolerance of 
Austrocedrus to notable different moisture conditions along the rainfall gradient.
Future dendrochronological studies on Austrocedrus should consider sex as a 
factor in analyses as male and female trees might present different patterns o f growth 
depending on exposure. Moreover, SSS in Austrocedrus has important conservation and 
management implications. Extensive tree extraction on S and SE exposures would have 
detrimental consequences for the perpetuation of the population because the probability 
of removing female trees is greater at sites with more females than males. This has 
implications for regeneration because seeds do not disperse more that a few meters. To 
ensure the perpetuation of the population, the sex ratio in the area o f management should 
be considered, and harvests planned accordingly (Chapter 4).
Global warming is predicted to impact NW Patagonia with both increased 
temperatures and decreased precipitation. These factors may affect Austrocedrus 
chilensis populations, particularly female trees, due to cone presence, as cones loose 
more water than leaves and higher temperature might increase their R  rates.
Nevertheless, observed plasticity may enable Austrocedrus to acclimate to the range of 
predicted climate changes for temperature and moisture. Anthropogenic factors likely 
pose more immediate threats such as increased logging pressures, urban sprawl, browsing 
by exotic herbivores, pine plantations, exotic species invasions, and altered fire regimes. 
Moreover, some of these factors could be amplified by climate change constraining the 
area extent of Austrocedrus populations in the future (Chapter 5).
This is among the first ecophysiological studies in the region and the first one that 
explored aspects o f the physiological ecology of male and female trees, female cones
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physiology, spatial distribution of sexes, sex ratio and growth of male and females trees 
of Austrocedrus chilensis, a dioecious endemic conifer of the Austral Temperate Forests, 
Patagonia, Argentina. Other endemic conifers, such as Fitzroya cupressoides, 
Pilgerodendron uviferum and Araucaria araucana are dioecious, have green cones, and 
may display similar physiological and ecological behavior as Austrocedrus. The future 
of Austrocedrus chilensis, as well as the other endemic and ancient Gondwana relicts 
species o f the Temperate Austral Forests, depends upon the presence and expansion of 
protected areas, sound management, and the development of adequate conservation and 
restoration plans that take into account that sexes are separated and may differ in their 
requirements for growth are reproduction
In conclusion, male and female trees of Austrocedrus chilensis do not differ in 
their leaf physiology, which means that female trees do not seem to compensate for their 
higher reproductive effort via higher rates o f C acquisition by leaves. However, cones 
are photosynthetic and represent a source o f C and energy, compensating their C cost 
over the growing season if environmental conditions are adequate. Under less that ideal 
climatic circumstances, they may turn into a sink of C, because cones are less efficient in 
term of water use, possibly representing a drawback in terms of water economy for the 
tree. This may be related to the position o f stomata, superficial for cones sunken in pits 
for leaves. Austrocedrus chilensis present a pattern of SSS, as males and females occupy 
different sites according to exposure. Males are more abundant in higher-radiation, drier, 
warmer slopes (N-NW) and the opposite is tme for females in S-SE exposures. This 
pattern is consistent along the rainfall gradient and the population sex ratio is even.
Radial growth is similar for males and females, but only in S-SE exposures; on N-NW
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slopes male growth is much higher. Therefore, sexes in this species are not necessarily 
similar as female higher reproductive effort can became evident depending on 
environmental conditions.
Future research opportunities
This research has shed light on the physiological ecology of dioecy in 
Austrocedrus chilensis, and generated many questions that present future researchers with 
exciting challenges. Some o f them are listed below:
Tree and gender-specific physiology
• Light, water and nutrient availability affect C assimilation rates and water loss via 
stomata in plants, including Austrocedrus. Field measurement in “natural 
experiments” along with the manipulation o f factors in controlled green house 
experiments are needed to answer,
To what extent are light, water and nutrient availability related to C 
acquisition and water loss in male and female trees o f  Austrocedrus 
chilensis?
• Male and female trees do not seem to differ in leaf-level physiology, however,
Would there be sexual differentiation in net C assimilation rates, stomatal 
behavior, and other physiological parameters fo r  trees in contrasting 
exposures?
Would there be sexual differentiation in net C assimilation rates, stomatal 
conductance, and other physiological parameters when cones are turning
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brown, thus photosynthetically inactive, and seeds are filling and 
therefore demanding resources?
•  Experimental manipulation of defoliation would be helpful to address the following 
questions.
I f  C assimilation rates are driven by the strength o f  sinks, does cone 
presence affect the rate o f  photosynthesis in adjacent leaves compared to 
leaves on branches without cones? Does the production o f  aments in male 
trees influence photosynthesis o f  adjacent leaves?
Resource allocation
•  Female trees can compensate, at least partially, for their extra reproductive costs via 
cone photosynthesis. Another compensation mechanism would be control on the 
output o f cones.
Does cone production vary according to environmental conditions, i.e., 
with resources availability? Is cone production higher in S-SE rather that 
in N-NW  exposures?
•  Leaves may contribute to the production o f reproductive structures. Experimenting 
with defoliation and branch girdling may shed light on controls on reproductive 
output.
Do leaves have an effect on the production o f reproductive structures? 
How autonomous are branches?
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• The relationship between nitrogen concentration in tissues and plant physiology has 
been clearly demonstrated by a number o f researchers.
What is the relationship between nitrogen economy and physiology fo r  
male and female trees and their reproductive output in Austrocedrus 
chilensis?
•  Male trees seemed to have a stronger climatic response than females. This may be 
related to differences in the leaf area o f the crowns.
Do males invest more in leafproduction than females?
Sex expression
• In this study, a pattern o f spatial segregation o f sexes was found. However, the 
mechanism driving the pattern is unknown. We also do not know if sex in 
Austrocedrus chilensis is genetically determined or if  it is under environmental 
control. Answering the following questions would shed some light.
Do environmental conditions during the year o f  establishment influence 
the sex o f  the tree? Do environmental conditions during the time period  
when trees are becoming reproductive (15-20 years old) influence the sex 
o f the tree?
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Conservation
• Exotic conifers in other parts o f the world, especially in the southern hemisphere, 
represent a threat to native species and communities. In Patagonia, studies on the 
effect of exotic conifers on native species and communities began only recently, 
and much remains to be known.
Are exotic conifers affecting the watershed in Austrocedrus chilensis 
habitats? Do exotic conifers have higher C acquisition rates than 
Austrocedrus chilensis in Austrocedrus habitats? Are exotic conifers 
physiologically active fo r  a longer time period over the growing season? 
Can the pollen released by exotic conifers interfere with fertilization in 
Austrocedrus chilensis?
My research is the first study addressing the implications of dioecy in terms of the 
physiological ecology of Austrocedrus chilensis. Even though now we know a bit more 
about this species as result o f my work, there are many questions yet to be answered. 
Moreover, even less is known about the other important forest species o f the Austral 
Temperate Forest. Much more work remains to be done to understand these ancient 
Gondwana relicts. This is vitally important in the face o f rapid anthropogenic changes 
and threats form extensive land use and future climate changes.
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